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INTRODUCTION

After almost two decades of inactivity the field of in-situ coal gasification
has experienced a recent renaissance. There is at least one current industrial
project, that of Texas Utilities Generating Co. in Texas lignite. They are using
the very extensive Soviet technology to develop in-situ coal gasification to produce
low Btu gas for electrical power generation. Three ERDA-sponsored projects are in
the field, testing different modes of developing permeable paths in coal beds. The
Laramie Energy Research Center is developing reverse combustion techniques to link
vertical wellbores; the Lawrence Livermore Laboratory is developing explosive
fracturing to create an underground packed bed; and the Morgantown Energy Research
Center is developing directional drilling techniques to establish linking.

Sandia Laboratories are developing advanced instrumentation techniques for
monitoring in-situ coal gasification and are cooperating with the Laramie Energy
Research Center in their underground coal gasification experiments near Hanna,
Wyoming. The Alberta Research Council is fielding a project near Edmonton, Alberta.
Texas A & M University is fielding an experiment near College Station, The
University of Texas is performing extensive systems studies on coal gasification
in Texas lignite, while other in-situ coal projects are underway at the Universities
of Wyoming, New Mexico, Alabama, Kentucky, West Virginia and the Pennsylvania State
University. 1In addition, coal pyrolysis and kinetics studies are being conducted
at the ERDA National Laboratories at Oak Ridge and Argonne.

The reasons for the extensive in-situ coal gasification programs are
many-fold. Among them are: (1) the promise of relatively low-cost energy from
in-situ coal gasification, at least as compared to other alternate fuels. (2) The
promise of relatively low environmental impact from these in-situ processes. (3)
The opening up of new coal reserves for development which may be uneconomic by
other techniques. (4) The rather recent discovery that the Russians developed very
successfully in-situ coal gasification techniques in the late 1950's, and applied
them at the demonstration or pilot plant level (up to 500 tons of coal consumed per
day) for up to 20 years.

In this report we summarize a recent field experiment in the ERDA—sponsérEd
underground coal gasification program at the Lawrence Livermore Laboratory. Our
project objective is to develop a commercial underground coal gasification process
by using explosives to fracture the coal in place to create selectively enhanced
permeability. (1) The resultant permeable coal would be gasified with steam and
oxygen and the gases would be upgraded to pipeline quality in surface facilities.

Our first field gasification experiment, called Hoe Creek #1, was conducted
in two phases: phase #1 included site characterization, fracturing and preliminary
permeability measurements and has been reported. (la) It is briefly described in
this report, but the primary purpose of this paper is to describe phase #2 of the
experiment, which included detailed ‘fracturing and permeability measurements
followed by in-situ gasification.

»*
This work wes performed under the auspices of the U.S. Energy Research and
Development Agency.
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Phase #1: Site Characterization and Fracturing

One and two-dimensional computer codes, using compressive shear failure as a
criterion, were used to design a multiple explosive field fracturing test, Hoe
Creek #1. Extensive coal mechanical properties were input to the codes, which were
normalized with laboratory fracture experiments and an earlier field test at a coal
outcrop using 130# of explosives. (2)

The experimental Hoe Creek site is in the Powder River Basin, 25 miles SW of
Gillette, Wyoming, in the 25' thick subbituminous Felix #2 coal at a depth of 125°',
The stratigraphy of the site was derived from cores, drill-cutting samples, and
downhole geophysical logs and is shown in Fig. 1. Table 1 gives the chemical
analysis of the Felix #2 coal. (3) Experiment #1 was a simple two-spot fracturing
experiment which was carried out at Hoe Creek on November 5, 1975.

Table 1. Analysis of coal from the Felix No. 2 seam.

Proximate analysis (%) Ultimate analysis (%)

As received Dry basis As received Dry basis

Moisture 29.2 - Moisture 29,2 —

Ash 6.37 9.00 Carbon 47.41 66.96
Volatile 31.90 45,06 Hydrogen 3.53 4,99
Fixed carbon 32.53 45.94 Nitrogen 0.91 1.28
100,00 100.00 Chlorine 0.01 0.02
Sulfur 0.62 0.88
Btu 8156 11522 Ash 6.37 9.00
Sulfur 0.62 0.88 Oxygen (diff) 11.95 16.87
100.00 100. 00

The purpose of the experiment was to do a small scale study of explosive
fracture and gasification. It was designed to provide information on well
survival, drilling techniques in fractured coal, the permeability enhancement
created by two HE shots, gas flow rates, liquid plugging, burn over-ride, etc. It
consisted of two 750 explosive charges fired simultaneously at the bottom of the
coal seam at a depth of 150'. The explosives were placed at the bottom of the seam
to enhance the permeability there for better liquid drainage and gas flow. Prior
to fracturing, the site geology, hydrology and permeability were carefully
characterized. (4) Post fracture characterization of the site, in late 1975, using
hydrology showed that the coal permeability was stimulated from .3 darcy preshot
to about 2-4 darcies postshot. (5)

During 1976 we returned to the experiment to redetermine the fracturing, take
cores, remeasure the permeability distributions, dewater the coal, measure air

flows, and, finally, gasify the coal.

Phase #2: Site Plan and Instrumentation

The final, as-built, well pattern for phase #2 is shown in Fig. 2, Well I-O
was steel cased to the top of the Felix No. 2 seam and communicates directly with



the rubble-filled HE cavity below it. Well P-1 was steel cased and cemented within
the bottom 5' of the coal bed. The HE well was cemented to the surface after the
shot. All of the wells I-1 through I-8 were uncased instrument wells. They
contained thermocouples and tubes for water level measurements and gas sampling,

The dewatering wells DW-1 -thru DW-6 were steel cased to the top of the coal,
screened thru the coal and had a steel pump section below the coal. These wells
each contained a 25 gpm capacity water pump in the sump section. The preliminary
hydrology tests indicated that calculating the well distribution required to
dewater this very non-homogeneous zone would be very difficult. Therefore, we
decided to surround the anticipated burn zone with dewatering pumps. The positions
of DW-1 and DW-6 were chosen to give two different radial distances from a shot
center for permeability measurements.

Installing the instrument packages in uncased holes close to the shot points
was accomplished successfully but not without some difficulty. Once the drill
reached the bottom third of the Felix No. 2 seam, wall collapse became a serious
problem. All drilling was done with air and foam to prevent clogging of the
fractured coal but this provided no stabilization for the hole walls in the highly
fractured coal. Most of the instrument emplacements were done by flowing water
into the hole as the instrument package was being lowered.

No unusual problems were- encountered during the construction of the dewatering
wells, although the driller did notice that the major zone of water production
within the Felix No. 2 seam was in the top few feet for all the wells drilled.

This program is described in more detail in reference 6.

In the design of the instrumentation for this experiment, we decided to con~
centrate on three major measurement requirements. They were; air and gas flow
rates, product gas composition and gasification zone temperature distribution.

The air and gas flow rates were measured with standard orifice plates using
remote readout pressure transducers and thermocouples for the P, AP, and T
measurements. These data, as were all others, were recorded on strip charts in
parallel with a data logger that recorded digitally on magnetic tape.

The orifice flow meters were rugged and survived flooding with water, tars,
and coal fines, Maintenance was inconvenient and messy but it was possible.

The product gas composition was measured with two on-line gas chromatographs
that sampled automatically at hourly or shorter intervals throughout the experiment.
The operation was quite successful with no major problems.

Two of the instrumentation wells, I-1 and I-2 were constructed during the
first phase of the experiment. These wells contained three thermocouples each with
one at the top, center and bottom of the coal seam. The other instrument wells,
I-3 through I-8, each contained seven thermocouples distributed as shown in Fig. 3.

Each instrument well also contained a stainless steel tube used for water
level measurement, This was accomplished by bubling air through and measuring the
hydrostatic pressure. Several of these plugged with coal fines but enough were
available to satisfactorily complete the hydrology measurement program. During the
gasification period the bubbler tubes were used as gas pressure indicators and to
extract gas samples from the burn zone.



Three wells, CB-1, CB-2, and CB-3, had a stainless steel tube sealed in place
for use with a movable thermocouple. Only well CB-2 ever showed a substantial
temperature rise and that only near the end of the gasification period.

The fixed thermocouples were 1/8'" diameter stainless steel sheathed
chromel-alumel. They were enclosed in a stainless steel housing to provide
mechanical protection. The thermocouples all operated satisfactorily until the
burn front actually reached the well. Most of the thermocouples that were exposed
to high temperatures (approximately 1000°C) eventually burned out, The failure
indication was a change in resistance as they shorted out and formed new junction
points. The time of failure was determined by inspection of the temperature
records for erratic behavior or, in most cases, when all thermocouples in a well
indicate the same temperature.

Coring and Hydrologic Testing

Examination of cores taken after the blast showed moderate to heavy fracturing
in the upper few feet of the coal bed, then a lesser fractured zone in the middle,
and a highly pulverized zone at the bottom 5-10' of the coal bed. Core from the
holes between the two explosive charges showed the most fracturing while core from
the holes farthest out the least. Correspondence of the degree of fracturing with
one and two dimensional explosive code calculations is building confidence in our
ability to calculate the extent of fracturing. However, a review of flow behavior
pre and post explosion led to the conclusion that permeability is not a simple
function of the degree of fracturing.

We found, in general, that postshot wells completed in the lower part of the
coal bed showed that the coal in these regions was of lower permeability than
preshot. Well P-1, when initially completed, produced an order of magnitude less
water than a preshot well, until extensive cleaning operations finally opened up a
connection from it to well I-5. (6,8)

Analysis of the drawdown measurements (9) shows three major regions of
permeability; a native region of 0.3 darcy permeability at radial distances greater
than 50 feet, a high (10-20 darcy) inner core region within 10 feet of the HE wells
and an intermediate enhanced region (1/2 to 3 darcy). These values of permeability
represents averages over the coal thickness.

Slug and pulse test showed similar patterns but also indicated a considerable
degree of heterogeneity in these three regions.

Our interpretation of the hydrology and coring data is the following. The
fracturing resulting from the explosive charges enhanced the average permeability
in the vicinity of the charges, when the seamed is viewed in a two dimensional
areal perspective. However, when viewed in cross section it appears that at certain
vertical locations near the explosive charges, the permeability is below preshot
levels. This is believed to be a result of plugging by coal fines produced by the
intense close-in fracturing. Consequently although the explosives were emplaced
at the bottom of the coal bed, much of the permeability enhancement apparently
tended to be near the top of the seam.



Dewatering

Dewatering rates were in good agreement with estimates. (10) After a few
hours of higher flow rates a relatively constant rate of water withdrawal of
approximately 10 gpm was observed. This withdrawl rate was maintained until pres-
surization during air flow tests cut the rate to near zero.

Figure 4 shows the actual water levels observed at various observation points
in the fractured coal. Water levels indicated at the right-hand side of the figure
were measured 3~5 days after start of dewatering. Wells DW-1 through 6 and P-1
were pumped below the coal seam bottom. Wells EM-4 and EM~5 were approximately 50
feet east of the HE wells and EM-1, 2, and 3 were 100 feet east.

The local variations in permeability are evident from this figure. The water
level in I-5, I-7, and the HE well dropped to within a few feet of the bottom within
one hour while the level in 8-OW, which is only a few feet away from P-1, remained
well above the top of the coal.

Air Flow Tests

Air flow tests were begun by injecting air into well I-0 at about 15 psig.
The pressure was gradually raised to 60 psig and the flow allowed to stabilize.
No leakage to the surface was observed but pressures of up to 40 psig were observed
in wells 100 feet away. Air losses to the underground system were approximately
40% for this mode of operation.

The I~0 well was drilled and cased to the top of the coal seam. The rubble
filled explosion cavity extends completely through the coal. Thus, with the cavity
dewatered, injecting air into I-0 puts high pressure on the entire cavity leading
to many possible paths for leakage to the surroundings. The hydrology data
suggests that good communication paths exist from the I-0 well to DW-6, DW-1 and
presumably to the envirommental wells EM-1 through 6.

Reversing the air flow and injecting in well P-1 put high pressure at the
bottom of the seam., This reduced the pressure in the I-0 well and also reduced the
air losses. About 95% of the injected air was recovered in this mode of operation.

Because of the large air loss found when injecting in I-0 we decided to
reverse our original intention and gasify from well P-1 to well I-O.

Two SFg tracer runs were made, one for each flow direction. Thege tests were
quite successful and implied an accessible void volume of about 600 ft~.

GASIFICATION
Ignition

Electrical resistance heating (1 Kw) was used to ignite the coal. Two
electric barbeque charcoal lighters were strapped together and lowered down the P-1
well along with a thermocouple. Several bags of charcoal briquets were dumped down
the well until the lighters were covered. Once all valves were properly set and
the air flow turned on, the charcoal ignited in a few minutes, as indicated by the
thermocouple. Ignition took place at 16:30 on Oct. 15, 1976 (Julian day 289.7).
The injection and production flow rates are shown in Fig. 5 for the entire
experiment.



Gasification History

As mentioned previously a good communication path was established through the
bottom part of the coal seam between well P-1 and well I-5, in the center of the
zone as shown in Fig. 2. We expected that the burn would progress along this path
and then travel upward and go along the top of the seam to well I-0. At first this
seemed to be the case. Operating with an input pressure of about 60 psig, the flow
dropped from 130 scfm to 100 scfm during the first two hours after ignition, and
then the flow rose steadily for the rest of the day. Thermocouples in two of the
wells, I-7 and I-5 responded within a hour of ignition. Temperature of about 100°C
were recorded at the 142 foot level, two-thirds of the way into the coal seam at
both wells, This situation is illustrated in Fig. 6. Here, the thermocouple wells
and injection and production wells are shown in their relative positions with the
top of the coal seam indicated by a tic mark to the left of the vertical scale.
(The vertical distance scale factor 1s twice the horizontal scale factor.)
Injection and production flows are indicated by arrows where the length of the
arrow is proportional to the flow rate,

On the second day of gasification (day 290) temperatures began to rise in
wells I-1, I-6, I-8, and DW-4 as shown in Fig. 7. At about 290.6 the output flow
increased sharply to 1300 scfm and a large quantity of water was produced. The
injection pressure was lowered several times to control the flow. After a few
hours of controlled production the flow increased suddenly to over 2400 scfm
accompanied by the emission of coal fines mixed with tar. All of the pressure and
gas sampling lines were quickly plugged as well as the production flow meter
orifice plate., The bypass line around the flow meter section was opened to shunt
the gas flow while repairs were being made. The temperature distribution given in
Fig. 8 clearly shows the override at this time.

The heating value of the produced gas 1s shown in Fig. 9. The steady
decline in the days following the breakthrough is evident. The temperature
distribution on day 291.7 and 292.9 are shown in Figs. 10 and 11. The increase in
temperature near the top of the seam in wells I-4, I-6, and I-7 1s indicative of
the creation of an override path along the top of the coal seam. The distribution
on day 294.9, Fig. 12 shows that although the burn is predominently near the top
of the coal, there is some indicatlion of burning in the bottom half of the seam
éspecially at I-1,

A high flow test was run on day 295.5 - see Fig. 5. However, as can be seen
in Fig. 9 the heating value did not change appreciably except for a temporary dip
at the end of the test. No major changes 1in temperature were noted during this
test.

During the high flow test we tried a period of water injection into the input
well, P-1, From 1 to 2 gpm of water was injected which is almost equal to the
natural influx., No measurable effect on any parameter was found. This is further
evidence that the burn was near the top of the coal at this time.

By day 297, the burn front was close enough to the production well, I-0 so
that the output gas temperature had reached 400°C and was still climbing. A small
leak had developed in the grout seal around the well casing and the valve gaskets
were being seriously overheated. An attempt was made to cool the gas by flooding
wells DW-1 and DW-6. Although a slight decrease in well head temperature was noted,
the main effect was to increase the production flow rate and to increase the heating




value of the gas to 150 Btu/cuft. This caused the flare stack temperature to climb
so0 the attempt was stopped and the pumps turned back on.

Reducing the flow rate by cutting the input pressure helped to reduce the
output temperature but it also caused a serious deterioration in the heating value
of the gas. Railsing the pressure did not restore the heating value to its original
point and the deterioration continued. The compressor was shut down and the
gasification experiment terminated on day 300, Figure 13 shows the temperature
distributions at this time. )

Gasification Results

Gasification proceeded for 11 days. During this time approximately 10 MMSCF
of air were injected and 19 MMSCF (13.2 MMSCF dry) of gas were produced. Initial
alr injection pressure was approximately 70 psia which fell rapidly on the second
day of operation to a value of 25-30 psia. Production pressures were generally
about 5 psi lower. The rapid decrease in injection pressure was a result of the
rapld increase in flow conductance of the formation.

The rapid change in conductance during the initial portion of the gasification
is shown in Fig. l4. Just after ignition the relative conductance fell rapidly and
then recovered to approximately 70% of its pregasification level and maintained this
level for approximately 1/2 a day. At this point the rapid rise occurred and during
the course of most of the gasification the conductance was 50 to 100 times its
pregasification value.

Gas loses during the gasification were only significant during the early high
pressure operations. Figure 15 shows the integrated gas recovery (based on a
nitrogen balance) as a function of time, It shows an ultimate recovery of 93% of
the injected nitrogen.

The dry gas composition, as measured by gas chromatograph, for the primary
gas components are shown as a function of time in Figs. 16 and 17. A higher
percentage of pyrolysis gases were apparently present during the first two days of
the test resulting in a higher methane concentration. During the central portion
of the tests gas composition was relatively stable. This was followed by a marked
decline in CO, Hj, and CH, levels occurring near the end of the test as the
oxidation zone approached the exhaust well. No influence on composition can be seen
as a result of the high flow test. However, a definite change in the composition
is indicated during and after the injection of the water slug. This consists of a
rapid rise in hydrogen concentration followed by a rapid decline in H2, CO, and CH4.

Considerable quantities of water were produced from the area in the form and
liquid and gas during the gasification test. Liquid water was produced by pumps
located in the DW wells. Steam was produced from the gasification production well,
The steam accounted for 30% of the total produced gas volume (see Fig. 18).

The burn geometry as deduced from the thermocouple data and coal consumption
estimates 1s shown in Fig. 19a (plan view) and Fig. 19b (elevation view). The burn
started at the bottom of well P-1 and was progressing horizontally towards well I-5
and also vertically toward the top of the seam. After the blow-out the burn went
mostly along the top of the seam but also continued along the central line at
lower elevation in the coal.



The total energy recovery in the form of combustible gas was 65% of that
available from the estimated 128 tons of consumed coal. The total energy balance
is shown in Fig. 20, Note that if the combustion energy estimated to be present
in the produced tars is included as useable energy the total useful energy recovery
becomes approximately 73%. The underground losses of heat energy were quite small,
The largest energy loss from the system was due to the production of a considerable
amount of steam.

Conclusions — A. Explosive Fracturing

Hoe Creek experiment No. 1 is probably one of the most thoroughly diagnosed
fracture experiments ever performed by our laboratory. We feel that the general
agreement between experiment and our one and two dimensional codes SOC and TENSOR
is quite good in predicting the degree of fracture. There are still some details
that are not clear. The layered appearance of the fracturing and the rather large
scale asymetries as a function of azimuth from the shot points are hard to
understand in what appears to be a very homogeneous coal seam.

Our knowledge of the relationship of degree of fracture to permeability is
much less satisfactory. In fact, comparing the results from the Kemmerer and Hoe
Creek experiments, it is obvious that total failure strain, (shear plus temnsile),
is not a reliable predictor of permeability. We are looking into the possibllity
that tensile failure (11) may be more directly related to permeability.

The results from the Hoe Creek experiment indicate that spherical HE shots
placed at the bottom of the coal seam will not produce a permeability distribution
that is suitable for gasification. Other geometries and types of explosive fracture
are under consideration for future experiments. (12)

Conclusions — B. Gasification

Forward combustion gasification was achieved without any problem of plugging
of the formation. After two days of operation, flow conductivity was an order of
magnitude above pre-gasification levels. However, even before this short circuit
condition was reached, plugging did not seem to be serious.

Injecting air at well I-0 resulted in unacceptably high losses. Reversing
the flow direction for gasification so that well I-0 was kept as close to
atmospheric pressure as possible reduced the overall loss rate to 7%.

The short circuiting of the flow which occurred after 28 hours of gasification,
limited the total volume of coal gasified.

The gas composition, gas heating value and oxygen utilization were all fairly
constant during the course of the burn. Marked change occurred only at the end of
the experiment. Gas composition was not influenced by doubling the air injection
rate.

The total water influx into the gasification region was about 65% of the
pre-gasification level. About 30% of this amount entered the hot zone. However,
this water influx did not appear to influence the product gas composition,
indicating that it mixed with the hot gas after the reactlons were completed.
However, the influx of water into the system may have limited the amount of coal
recovered by limiting the lateral spreading of the burn zone.




Energy recovery in the form of produced products amounted to 75% of the energy

in the consumed coal.

There were essentlally no losses to the subsurface formation.
The greatest energy loss took the form of the production of steam.
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*
FIELD HYDROLOGICAL TESTS OF EXPLOSIVELY FRACTURED COAL

D. F. Snoeberger

Lawrence Livermore Laboratory, University of California
Livermore, California 94550

INTRODUCTION

Hydrologic tests were made in the explosively fractured Felix No. 2 coal seam
on part of the Lawrence Livermore Laboratory in-situ coal gasification experiment
at the Hoe Creek site 24 km SW of Gillette, Wy. (1) The purposes were to evaluate
wells and regions to be gasified and to gain information for improvement of explo-
sive effects predictions.

In this paper related prior work is summarized and preliminary interpretations
of the post-fracturing hydrological tests are given.

REVIEW OF PRIOR FIELD WORK
Hydrogeology (2,3)

The subbituminous Felix coal occurs within the Eocene Wasatch Formation and
at the experimental site consists of two nearly horizontal seams, Felix No. 1 and
Felix No. 2 in descending order. They are of nearly constant thickness, 3 m and
7.6 m respectively, and separated by approximately 5 m of siltstone-claystone unit.
The Felix No. 2 is underlain by at least 3 m of a claystone-shale unit. A typical
lithologic sequence of near-surface strata is shown in Fig. 1.

The water table is approximately 23 m above the top of the Felix No. 2 coal
which can be characterized as a leaky anisotropic aquifer. 1Its average horizontal
fracture permeability is 0.3 darcy. Its axis of maximum permeability (0.4 darcy)
trends N59°E corresponding approximately to the average bearing, N70°E, of the most
prominent set of vertical fractures (face cleat). Table 1 lists these and other
results for the coal and associated strata. Surface locations of test wells are
shown in Fig. 2.

Explosive Fracturing and Permeability (4)

Two charges, each of 340 kg of explosive, were fired simultaneously on
Nov. 5, 1975, in the bottom 1.5 m of the coal (Wells HE and INJ,** Fig. 3). The
horizontal separation was 7 m.

At this time, predicted pattern of permeability enhancement in the horizontal
plane of the charges showed a joined region of 100 darcies or greater at the charge
locations and a decrease of permeability with distance out to the native coal
(0.3 darcy) at approximately 13 m. Other possible effects combinations were
recognized including compaction at a distance around each charge and decreases in
permeability due to generation of finmely sized particles.

*
This work was performed under the auspices of the U.S. Energy and Research
Development Admin. Contract W-TLOS5-Eng-L48.

*k
Later redesignated I1-0.
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Table 1., Hydraulic characteristicsaof Felix coal and associated strata,
Hoe Creek site, pre-shot.

Horizontal Vertical
permeability Coefficient permeability
Stratum darcy of storage darey
Felix No. 1 0.47 to® 1.42° 2x107% -
Strata between 0.12° 2.24 x 1072 0.022¢
Felix No. 1
and No. 2
Felix No, 2 0.417 1.18 x 1072 -
0.23
Strata below
Felix No. 2 - - <0.0015%

a L e
Dashes indicate that no measurement was made.

b
A range of values is given for two different-type single-well tests in the
same well,

[ . .
Results from slug~injection tests.

d .
Values are averages for the total thickness of strata between Felix No. 1
and Felix No. 2 coals.

eValue along the axis of maximum hydraulic conductivity, which trends N 59° E.
fValue along the axis of minimum hydraulic conductivity, which trends N 31° W,

gRefers to average values for first 2.1 m of strata below bottom of Felix
No. 2 coal.

Initial Post Fracturing Hydrologic Tests (4,8)

We tried pulse tests and sustained constant-rate pumping (drawdown) tests to
measure permeability in the heterogeneous explosive-fractured region. Both showed
average enhanced permeabilities of 2-4 darcy for assumed radially symmetric regions.
Definition was limited by number of observation wells and locations. Analysis of
pumping tests was by drawdown difference between wells after the rate of change had
slowed (quasi-steady-state). A repeated pumping test gave higher results but within
a factor of 2 for most observation wells. Results are shown in Table 2.

Observation of unchanging hydraulic head in the Felix No. 1 coal (Well 12-OW)
during testing indicated that there had been no major change in vertical leakage

into the Felix No. 2 coal attributable to the explosive fracturing.

These results along with air-flow tests and new computer calculations of
fracturing were the base for field modifications for a gasification test.
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Table 2. Results of Initial post-fracturing permeability tests. Analysis was by
drawdown difference at a fixed late time except as noted.

Pumped Observed Permeability
well well darcy
9-0W 3-ow 3.0
8-ow 2.2
9-0W (2 min pulse) 3-0W 2,3
8-0wW 2.3
INJ I-1 1.5
(NOV) 3-0w 1.7
9-0owW 3.3
HE 1.6
8-0wW 1.7
4=PW 0.7
INJ I1-2 3.3
(DEC) 3-0W 4.2
HE 2.7
8-owW 3.4

Modified Well Pattern, Completions and Instruments (5,6,7)

In preparation for gasification along the INJ-HE axis, a pattern of dewatering
wells, production well* and instrument wells was provided. Figure 4 shows the
locations as completed. Figure 5 shows the surface locations of 5 environmental
monitoring weils placed at 2 distances, approximately 15 m and 30 m out. Well com~
pletions were such that the injection and dewatering wells could be approximated as
fully penetrating the Felix No. 2 coal and well P-1 as partially penetrating, open
in the bottom 1.5 m of the coal. Typical wells are shown in Fig. 6. The dewatering,
production and environmental wells were cleaned and developed by methods similar to
those used for the pre~shot hydrology wells., (2) Bubbler tubes ended near the base
of the coal. Bubblers were equipped with metered nitrogen gas supplies and pressure
transducers for hydraulic head measurement and transmission. All available wells
and instrument holes were provided bubblers with the exception of the five environ-
mental vells in which we used well sounders manually. Pumps, piping and instruments
were arranged to provide for hydraulic testing as well as gasification use. Data
recording equipment comsisted of strip chart recorders and a data acquisition com-
puter with magnetic and printed paper-tape outputs, all in parallel.

Post Explosion Core Sampling (7)

In order to obtain more information on fracturing, four cores had been taken
completely through the Felix No. 2 coal seam at locations 1.8 m to 2.7 m from shot
sites. All were found to be similar in appearance, with moderate to heavy fracturing
in the top of the coal, followed by a less fractured zone, and then by a heavily

*
Designated PROD-1 initially and changed to P-1 later.
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fractured zone in the bottom 1.5 m to 3 m. The core between the explosives locations
showed the most fracturing, the core farthest away from either exhibited the least
fracturing.

PRE-GASIFICATION HYDROLOGICAL TESTS (7)
Summary of Results and Discussion

During development we found an unacceptably low water flow rate into well P-1,
0.006 2/sec (0.1 gpm). We reviewed possible causes and made contingency plans for
remedial work on P-1 and drilling of a diagnostic and potential replacement well,
P-2. We suspected cement intrusion or completion in a low permeability region.

Consideration of the fracturing pattern as shown by the core samples and of
flow behavior in upper and lower portions of the Felix No. 2 coal during drilling
and earlier well tests before and after explosive fracturing led to the interpreta-
tion that although flows in the native coal were reasonably homogeneous vertically,
post-explosion flow conditions were not uniform. While cracks created by the
explosion may promote high flows in the upper regions, fines generated by the
explosions tend to restrict or plug flow in the lower regions.

We enlarged P~1 to 1 m diameter in the bottom 1.5 m of coal and found that it
produced 0.06 2/sec (1 gpm), still less than desired. This work required removal
of the screen and sump liner. We next drilled well P-2 in three stages of depth in
the Felix No. 2 coal for flow measurements. The top half produced 0.4 &/sec (7 gpm); -
the next quarter produced 0.02 %/sec (0.3 gpm), the bottom half 0.03 %/sec. This
indicated lower permeability in the bottom part of the coal at least in the vicinity.

We then reinstalled the sump liner in P~1. While washing the liner in place
a path opened hydraulically. Test flow was 0.63 &/sec (10 gpm). A short pumping
test of P-1 drew the water levels in I-5 and P-1 well into the coal, indicating a
channel in the lower half of the coal (Fig. 7) across the shot region at HE. We
could proceed with hydrological tests of the overall region and wells.

The specific capacity of the dewatering wells ranged from 0.7 to 7 gpm per ft
of drawdown. Wells DW-1 and DW-6 showed the highest capacities. Results are in

Table 3. Table 3. Relative performance of de-

Graphical interpretations of draw- watering wells.

down tests by pumping I-O and P-1 at Specific
constant rates show two regions of enhanced Well capacity
permeability, one about each of the explo- No. (gpm/ft)

sion centers out to 3 m and a region of
intermediate enhancement on out to the

native coal at 15 m. The permeabilities bw-1 0.71
DW-2 0.15
obtained are: 14 darcy and 7 darcy re- DW-3 0. 07

spectively for regions at I-0 and P-1; .
i i DW-4 0.19

and 1.5 darcy for the intermediate

i DW-5 0.07
region. Figures 8 and 9 show these DW—6 059

graphs.
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The apparent discontinuity shown in Fig. 9, for the data within 10 ft, may
be due to the channel opened in final work on P-1 and to its non-symmetrical
location.

The same method of analysis of drawdown tests of dewatering wells gave lower
results for the inner (core) reglons and higher values for the intermediate region.
This is apparently a result of nonuniformity of flow field about the dewatering
wells.

Late time drawdown data indicated some vertical leakage from the unit above
the coal but again, approximately the same as. pre-shot. Estimated vertical perme-
ability values of 3 to 5 md were obtained.

Short, simultaneous injectlon-withdrawal tests (2-well recirculation) were made
to investigate the permeability in the I-O0 and HE regions. These tests were analyzed
utilizing flow net techniques. Drawdown equipotentials were plotted on a plan view
and selected flow lines drawn perpendicular to the equipotentials. Permeabllities
of different areas were calculated by the gradient method wherein the gradient was
obtained from the equipotential surface and the flow was apportioned via the flow
net construction. An areal or field permeability K is calculated from the equation
K = Q/1A, where Q is the flow in a region, i is the hydraulic gradient in that
region, and A is the vertical section of the region through which the flow passes.
Figures 10 and 11 are flow nets drawn for pumping P-1 to I-0 and DW-4 to DW-6.

Figure 12 is a composite prepared from results of flow net analyses and draw-
down tests. The estimates of permeability for the inner core regions, 10 d at HE
and 20 d at I-0, and the near native zone, 0.5 d, between the explosion centers are
from the flow nets. The flow net and drawdown results for the inner enhanced
permeability regions are consistent. The dashed lines on Fig. 12 connect well pairs
in which the closeness of movement of water level during drawdown testing indicate
a fracture or flow channel between them. The P-1 to I-0 test does not show the low
permeability zone between explosion centers seen in the DW-4 to DW-6 test because
of the symmetrical placement of the zonme with respect to pumping from P-1 to I-O.

Analysis of the hydraulic response of the explosive-fractured coal is compli-
cated by the strong radial variation of permeability and the presence of many
relatively large sized well casings. In addition some of the fractures have become
conduit-like in their ability to equalize pressure between certain observation well
palrs or cause an uneven distribution of flow when onme of the pair 1s a pumped well.

Figure 13 shows an outline of the gasification path indicated by thermocouple
data on a simplified version of the composite sketch. The composite suggests a more
westerly veering path to avoid the intermediate near native zone of coal.

Further evaluation and interpretation of the hydrological data are needed and
a comparison with post burn core sample results when available.

The critical importance of permeabilities and their distribution 1s that the
in-situ flow paths and thus the reaction zone configuration are determined by them.
A given permeability net tends to determine ultimate resource recovery efficiency.
In view of the importance of the deduced permeability net, it is important to further
develop field tests and analysis techniques. Simple methods for measurement of the
absolute or relative local permeabilities at several depths through a fractured
seam are needed.
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Fig. 11. Flow net. Hydraulic head (potential) contours and flow lines indicated
by pumping 7.2 gpm from DW-4 into DW-6.
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COMB INED COZ-O2 UNDERGROUND PYROLYSIS-GASIFICATION FOR SOUTHWESTERN COALS

N. E. Vanderborgh, E. M. Wewerka, W. J. Trela, J. M. Williams,Jr.
and G. R. B. Elliott

Abstract

Although vast quantities of subbituminous coals are located in the Southwestern
U. S., severe technical problems exist in utilizing this resource. Much of
these coals occur at depths where surface mining is not feasible. Even if this
were not the case, a combination of limited water availability and environmental
controls suggests that rapid expansion of coal utilization is not feasible, New
technologies must be developed to exploit the known, vast coal resources in this
reglon.

Details will be given on one such proposed process that involves a preliminary
pyrolysis step followed by COZ‘OZ gaslfication. This process is designed to
yield both a hydrocarbon and a medium -Btu gas product stream, Arid, south-
western subbiltuminous coals appear well suited for an initial hydrocarbon

removal step. Studies suggest that COs is an adequate reagent to efficiently
remove some 35% of the available carbon by reductive pyrolysis. The resulting
semi-char has been shown to maintain adquate reactivity for eventual gasification.

Preliminary laboratory and engineering analyses for this underground coal
conversion technology are described.
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COMBINED COZ—OZ UNDERGROUND PYROLYSIS—-GASIFICATION FOR SOUTHWESTERN COALS

Large enough coal resources have been identified in the Southwestern
reglons of the United States to permit planning for increases in coal utiliza-
tion to meet the significant energy needs of the Western states. (1,2) This
reemphasis upon coal is timely as proven reserves of both oil and gas are
declining. (3) Yet, marked increases in coal utilization are limited by a
variety of environmental and technological factors.

Only a small fraction, probably less than 5%, of the known coal resource
can be extracted using surface mining technology. (4) Identified seams show
dip, falling rapidly out of surface mining reach. Lenticular, thin and
multiple seams of considerable depth suggest that underground mining may not
be attractive.

Increased coal utilization using the remaining surface-minable coal may
also be difficult to realize. (5) Opposition to increased strip mining is
appearing. Stack cleaning of combustion gases from these high ash, low
surfur materials has proven difficult. There remain serious questions about
the advisability of increased combustion facilities. Any significant increase
in coal utilization within the arid Southwestern region will also be limited
by water availability. (Although limited brackish aquifers have been
identified, it is not obvious that this water can be readily consumed for
industrial processing.)

These factors, a combination of technological and environmental concerns,
have already slowed a serles of projects that were designed to increase coal
utilization in the Southwestern United States. (5) It is becoming ever more
obvious that the unique mixture of regional conditions leads to problems that
are not readily addressed with existing technology. There 1s only a limited
quantity of coal, using surface mining, that can be extracted and that coal
is not easily used in combustion facilities. The concept presented in this
paper is one approach that appears to have promise in expanding coal production
in the Southwestern United States without moving into difficult and possibly
restraining factors.

"Chemically mining" coal, underground conversion to gaseous or liquid
fuels, is hardly a new idea (6). The thought of utilizing coal without the
coincident societial and environmental costs of conventional mining has
intrigued mankind for decades. (7,8) Partial underground combustion,'under-
ground coal gasification," has been actively explored in the Soviet Union
during the last fifty years (7). After some disappointing results in Alabama
during the 50's, underground coal gasification programs are again active in
the United States. (9) The Laramie Energy Research Center currently is
demonstrating underground coal gasification in thick, subbituminous coals
in Wyoming. (10) Lawrence Livermore Laboratory 1s exploring a concept of
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oxygen-steam gasification, again in the coal filelds of Wyoming. (11) The
Morgantown Energy Research Center has begun studies exploring gasification

in Eastern bituminous coals. (12) 1Initial commercial tests are being evaluat-
ed using lignite beds in Texas. Concurrently, tests are also plamned in
Canada and in Belgium. However, none of these other experimental programs are
turned to address the particular technical problems that now exist in the
Southwestern region of the United States.

TWO STAGE PYROLYSIS~GASIFICATION

The underground coal extraction process proposed here is shown schematic-
ally in Figure 1. On the lower left-hand-side, gasification occurs in a
previously treated, underground coal seam. This reaction, fed by an oxygen
rich feed and moderated with CO,, produces a continuous supply of a low-Btu
gas. Carbon dioxide replaces tﬁe more conventional steam injection. This
gas stream exits from the underground generator at elevated temperatures.
Anticipated levels of sulfur, nitrogen and particulate matter in this gas
dictate that gas cleaning 1is essential prior to utilization. This process 1s
more easlly accomplished at lower temperatures. Consequently, the gas is
first fed through a heat exchanger and then into a gas cleaning operation.
In the cleaning process, the gas is also stripped of CO, and sulfur leaving
a combustible gas for utilization. 1In order to maintaln reasonable sizes of
the cleaning equipment, the gas 1s first pressurized. Exiting gas steams are
also at pressure and might be transported some distance prior to final usage.
Utilization of this cleaned product gas should cause no more environmental
degradation than methane combustion.

Carbon dioxide, extracted during the gas cleaning process, 1s heated
using the sensible heat from the gasification process and is then used for
two purposes. Part of the gas is fed back into the gasifier for regenerative
control. The remainder is fed into another, adjacent coal seam. This process,
a hot gas preconditioning step, dries and partially pryolyses the virgin coal
leaving a seam of open and uniform porosity with controlled reactivity.
Pyrolysis products, moisture, liquid and gaseous hydrocarbons, are brought
to the surface, collected, and shipped to a hydrocarbon processing plant.
Following adequate reductive pyrolysis (with hot C02), the gas stream is
changed to a mixture containing oxygen and the hot coal bed 1is gasified.
Another, adjacent seam, following manifolding and seam opening, is then used
for the site of the next pyrolysis section.

The overall process is designed to initially convert coal, using hot
gas flows, into a stream of liquid hydrocarbons that could partially suppli-
ment existing sources of petroleum feed stocks. During this process the mass
transfer properties and the chemlcal reactivities of the coal seam are
modified leaving a highly porous bed for subsequent gasification. This type
of process is designed for the high wvolatile content, subbituminous coals
found in the Southwestern United States.
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DRYING AND PYROLYSIS OF SOUTHWESTERN COALS

Coals located in the Southwest are typically of subbituminoug rank. (4)
However, unlike the majority of such low-rank coals, these seams contain
only a modest amount of water. Ten per cent moisture, is perhaps an average
value although analyses of core segments can show values near 3%. (13)
Previous underground coal gasification shows that water plays a key role in
underground processing for this compounds acts as a major chemical reactant
that can easily degrade gas quality. (14) Water is also an important heat
transfer agent. Equally important, however, is the fact that water is a key
factor in seam permeability. Consequently, moisture control underground must
be a major consideration in any underground gasification process.

Permeability of underground coal seams is a difficult parameter to
accurately determine. It appears that many of these subbituminous coals
naturally show low permeagbilities in the range of 0.1 mD. Removing moisture
from these coals enchances the permeability by at least three orders of magni-
tude. (15) This behavior is readily understandable if one considers coal
a solid, perhaps a hardened gel, with various-sized interconnecting pores
and capillaries. We assume that the majority of these pores are less than
50 nm (5x 108 cm) (16) and that these pores give coal a molecular-sieve
property. Certain molecules appear to be able to penetrate the coal struc-
ture while other, not necessarily larger ones, are excluded. Temperature
plays an important role in gas transport within pore structures of this type.

Moisture in pore structures of these coals effectively fills pores, due
to the tetrahedral bonding capabilities of water, in a three-dimensional
manner efficiently closing the material to mass transport. (17) (These low
rank coals, due to their high heteroatom content, typically show hydrophillic
behavior.) Removing the moisture effectively requires an agent that opens
pore structure. Carbon dioxide is effective in doing this for like water,
COp also firmly adsorbs onto coal surfaces but unlike water, COp is not cap-
able of filling pore interiors. Rather one can assume that once a monolayer
of this gas has adsorbed, the interior of the pore remains open. Consequently,
the first important reason for moisture removal is to gain enchanced perme-
ability both to move liquids and to cut down on pumping work requirements
during theuvgasification process.

Moisture also degrades the gasification process. First steam formation
lowers process temperatures increasing CO, production. (14) Secondly, the
reaction of carbon monoxide with moisture is not advantageous for then CO is
converted into a mixture of gases (H, and C0,) with approximately the same
total heat content but twice the volume. Lastly, moisture in the reduction
zone should cool that zone, decreasing the effective residence time for CO
production. All of these reasons suggest that one will be far ahead if water
is first removed from the gasification process prior to CO generation. Such
water removal seems feasible in Southwestern subbituminous coals by hot gas
treatment.
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Hot gas drying-pyrolysis requires the transport of significant quantities
of gases - first calculations suggest that approximately one liter of hot gas
is needed to pyrolyze_one gram of coal. Moreover, that 1 gram of coal (volume
approximately 0.65 cm”) is converted to gaseous products with a volume, at
STP, of 250 cm3. Moving these quantities requires that the seam have reason-
able flow characteristics. It seems unlikely that virgin coal will show high
enough permeability to readily move sufficlently large quantities of gases.
Consequently it may be necessary to develop seam opening techniques such as
long range explosively driven penetrators, electrolinking, directed chemical
leaching, etc. Evidence suggests that initial opening is feasible. (18)
Moreover, carbon dioxide appears especially suitable for additional seam open-
ing. This gas exhibits a high thermal conductivity and a low gas viscosity
suggesting that for a primary heat transfer agent, CO2 can be delivered with
minimum pumping costs. Once a segment of the seam has been pyrolyzed to
enhance flow parameters, then additional flows can be maintained.

However, even if enchancéd permeabilities can be obtained, seam heating
using hot gas flows cannot be done rapidly without large pumping costs, large
quantities of heat and CO,. Since gasification 1s a slow process, and the
pyrolysis step 1s tied to that gasification, then pyrolysis must also be done
slowly. One can assume that the heating process may take several:months to
accomplish. Should coal not be an efficient insulator, heat losses would
prove prohibitive. However, unlike convective heat transport which will be
promoted during the drying process, conductive heat transport 1s inefficient in
coal. Thermal conductivities near 0.1 W/MK are well known. (19) 1In the
absence of convection, heated coal will remain at high temperatures for long
periods of time. Such data is shown in Figure 2. These data show the thermal
waves measured at three different distances (five, ten and 20 feet) from a
950° F wall as a function of time. Heat, under these conditions, will be
contained for years in a coal volume and will remain there until convective
processes extract it, This heat will be available to increase process tempera-
tures during the gasification step. Since necessary temperatures need be near
1000° ¢, this is an important energy contribution.

GASIFICATION OF DRIED SOUTHWESTERN COALS

Following the pyrolysis step, some 357 of the initial mass of the coal
(as received) might be removed in a hydrogen-rich fraction. Laboratory studies
suggest that the remaining semi-char will exhibit low and interconnected
permeability. (13) Other studies show that the reactivity of this hydrogen—
depleted material with oxygen is decreased somewhat from that over the virgin
material; however this decrease (reaction rates are slower by less than a
factor of two) should still leave sufficient reactivity for the gasification
process. (20)

Gagification on a hydrogen-depleted char leads, primarily, to a stream

of CO. The utilization of this gas presents many possibilities especially
so since utilization can be in a controlled industrial atmosphere with little
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concurrent health hazards. There seem to be no reason to convert this product
gas to other materials, e.g., methane, methanol, etc., although certainly
these options exist.

ENGINEERING ANALYSTS OF THE COMBINED PYROLYSIS-GASIFICATION PROCESS

Initial engineering analyses have been completed on this urderground
coal gasification process. This combined-cycle process is somewhat similar
to other above-ground facilities. For instance, there is good similarity
between this underground process and a low-Btu gas generator/gas cleanup/
electricity generator system. However, in the present case, the majority
of the processes occur underground. Underground processing offers some distinct
advantages-residence times can be extended without changing costs — as well
as some distinct advantages - pumping work can well be excessive and control
can be difficult - over conventional coal processing facilities.

The results for these studies are based on the engineering flow diagram
shown in Figure 3. This figure shows two separate, interconnected processes,
the gasification path, heat removal, pressurization, gas cleanup and then
utilization. (The cost projections are scaled to supply a 1,000 M, plant.)
Waste heat and carbon dioxlde are stripped from the gasificatlion process
to run the lower cycle, the hot gas pyrolysis step.

[

Projected annual consumption and production figures are listed in Table
1 (Again, these are projected for a. 1,000 MMe plant ;hydrocarbon projections
are taken from laboratory pyro%ysis data.). “One can see that such an opera-
tion would consume some 4 x 10° tons of coal annually and produce electricity,
low molecular weight hydrocarbons, higher molecular weight hydrocarbons
(pyrolyzed 1liquids), sulfur and pressure-volume work. (This latter results
from pressurization of the output stream. The work equivalent contained in
this gas volume is 50 MW. Most probably this work would be expended in
operating plant utilities.)

There are two different resource recovery aspects to consider. The
first is the fraction of the total coal contained in the seam that is recover-
ed; the second is the cost: of recovering a particular quantity of energy
contained in a segment of the coal. Obviously, both of these recovery
considerations are important. It 1s unrealistic to think that underground
coal processing will ever show recovery efficiencies that approach 100%.
However, these data do suggest that underground pyrolysis-gasification can
lead to a favorable financial and energy return.

Resource recovery considerations are iInterrelated to a wide variety of
different topics. For instance, subsidence in previous underground coal
gasification has been a major problem. Pipes sever, ruining expensive
manifolding installations. Cracks open, allowing excessive gas escapages.
Above ground buildings tilt, causing structural damage. It appears that
the optimum system for underground coal pyrolysis-gasification may well
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leave enough coal underground to minimize subsidence. (This would not be
unlike current room-and-pillar techniques of underground mining, a technique
used for exactly the same reason.) These and other site specific questions
need to be answered before one can accurately define the economics of resource
recoveryi What is now clear, however, is that without careful control of

the underground process, the optimization of resource recovery may not be
possible.

Another important consideration is the cost of the produced fuel gas.
Preliminary data are shown for this projection in Table 2. Costs projections
were taken from similar studies estimating costs for above ground surface
gasification to produce a low-Btu gas. (21) The operating and maintenance
cost charge nothing for the cost of the fuel; $12.3 million 1s the anticipat-
ed annual field development charge. Bottom line projections must be altered
to Include taxes-royalty on the coal consumed. These pwojections show that
each $1.00 ton or royalty increases the cost of the final product by about
10r.:/106 BTU. Thus a $3.50/ton of coal consumed increases the final fuel
costs to $l.56/106 Btu. This projected favorable cost should remain stable
over the lifetime of the plant.

The data lend to several interesting conclusions. Foremost of these is
that the field development charges are not an important factor. (These pro-
jections were calculated for a 7.6 m (25 foot) seam located 152 m (500 ft.)
below the surface using 7.6 m (25 ft.) well spacing. Charges for increased
field development are, however, most -influenced by changes in the pumping work.
Large amounts of energy are expended in moving gases underground. Costs are
reflected in the high annual capital charges. Increases in underground
permeability gained, for instance, in decreasing well spacing may be a wise
investment. Second, the difficult technology is, to a large extent, below
ground. Gas handling and cleaning systems, if one accepts the eventuality of
low temperature gas cleaning, are all off-the-shelf systems.. This is also
true for electricity generating systems - conventional gas turbines can be
incorporated without concern for high temperature corrosion and abrasion.
These data also suggest that gas leakage, concurrent subsidence, and water
influx, factors that can uncontrollably change the underground chemistry and
rheology are the things that really most influence the economics of the
process. Therefore, the program at Los Alamos Scientific Laboratory has been
designed to carefully investigate these several aspects of the underground
process.

TECHNOLOGY DEVELOPMENT PROGRAM

Studies are now exploring the processes of concurrent heat and mass
transfer through Southwestern subbituminous coals. Central to these initial
studies is the problem of molsture removal and permeability modification by
hot gas treatment. Laboratory data will be obtained on representative coal
blocks to identify necessary kinetic parameters of concurrent heat and mass
transfer. These data are essential for mathematical modeling of these
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underground processes. These modeling activities will predict flow profiles
and lead to suggest manifolding techniques.

Studies also will explore the interrelated problems of resource re-
covery and environmental impact. An appreciation now exists that environ-
mental degradation due to gas leakages, to varlous subsidences and to ground-
water contamination 1s interrelated with resource recovery. The economic
trade-offs between a "contained" underground operation and recovery efficiency
are also under study.

These laboratory and analytical studies will serve as input into planning
for a series of controlled field tests using Southwestern subbituminous coals.
These tests will operate on a segment of coal somewhat close to the surface,
perhaps near 15 m (50 feet) deep. First a defined region of the coal will be
igolated from the rest of the seam. One feasible way to perform this isolation
is to construct a concrete-pier wall from the surface, through the seam and
part way into the underburden. A representation of a section of this contain-
ment wall is shown in Figure 4. Concrete piles will be laid in a rectangular
pattern defining a coal section 15 m x 15 m (50 ft x 50 ft). Feed and control
pipes will then be inserted into the coal. Important here are pipes placed
behind the wall, "water cooling" pipes, to maintain the integrity of the wall
and assure that the fire can't move out of the contained section. Undoubtedly,
some sort of subsidence control will be essential.

Although this experimental arrangement has some similarity to laboratory
block tests, several important features suggest that thils approach 1s necessary
to learn which really takes place underground. One needs to work with virgin
coal, with underground moisture and gas content intact. Yet one needs to
be assured of defined mass balances. The thrust behind these studies is to
obtain definitive answers about flows, chemical and heat balances and resource
recovery. Twe separate tests are planned. The first of these will study
the drying and pryolysis of a coal section. Following seam opening, directed
flows of hot gases will pass through a coal section. Pyrolysis will be
carried on for a fixed period and then quenched. Detailed postmortem analyses
will be made on the block. A second test will again study the drying and
pyrolysis of a second block; however, this test will be carried through a
gasification stage prior to the final post mortem. These field tests will
provide data for subsequent planning and large-scale commercialization.
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TABLE 1: RESOURCE FLOW AND PRODUCTION PROJECTIONS FOR TWO-STAGE PYROLYSIS
GASTIFICATION UNDERGROUND COAL UTILIZATION FACILITY

INPUT STREAMS (ANNUAL RATES)

Coal Consumed . « o « + & « v o = o « o o « o o+ o« « 3.5l x 108 tons?
Mr Consumed . + + + « v + 4 v 4 s e e u e e o o . . .8.03 x 107 scf
Water Consumed . » « « « &+ « « + & « « » « « + « « «» onegligible net input

OUTPUT STREAMS (ANNUAL  QUANTITIES)

Electricity 8.77x107 Kwh $0.03/Kwh $ 2.63 x 108

Low M{ HC'sP 1.08x1013Btu $1.50/10%Bcu $ 1.62 x 107

High M7 HC's®1.26 x 10° Bar. $ 10/barrel $1.26 x 107

Raw Sulfur 9.70 x 107 lbs. $ 50/ton $ 2.43 x 10°

PV Work 4.38 x 108 wh $0.03/Kh $ 1.31 x 107
Annual Value $ 3.07 x 108
Per Ton Coal $88.55

a Assuming a 25' coal seam, annual area of seam addressed is (20/f acres)

where f = fraction recovered, i.e., if half of the coal is consumed, then

coal under 40 (20/0.5) acres would be consumed.

b Low molecular weight hydrocarbons, mainly €y - C4 hydrocarbons, gases

€ High molecular weight hydrocarbons, mainly C5 - 09 hydrocarbons, liquids

Other potential products, especially ammonia, are not listed.
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TABLE 2: LASL TWO STAGE COZ—-OZ UNDERGROUND COAL EXTRACTION-ECONOMIC PROJECTIONS

ANNUAL
COST (K$) BASIS
OPERATION AND MATINTENANCE
Coal Feedstock a 0
Field Development 12,300 25 ft. well spacing
Plant Operation 10,440
Administ ration 5,760
Misc. Taxes 4,160 1.1% of plant investment
$32,680
DEPRECIATION 17,860 4.7% of plant investment
CAPITAL CHARGES 57,000 15% of plant investment
BYPRODUCT REVENUES (11,000) estimated market value
TOTAL ESTIMATED COSTS $96,540
ESTIMATED COSTS PER 106 BTU $1.21
ESTIMATED COSTS INCLUDING
ROYALTY OF $3.50/ton coal $1.56

Costs calculated assuming mid 1975 completion of construction.

Costs do not include capital or operating costs for electricity
generation or hydrocarbon separation facilities. Potential revenues
from hydrocarbons are likewise neglected.

46



LOW RT1)

GAS UTILIZATION
(ELECTRICITY
PRODULTION)

HYDROCARBON | _
T RECOVERY —]
OXIDANT
FEED
SULFUR GASFS
REMOVAL Co,
S\ RECOVERY
|| { LIQUIDS
S
100°C —
HEAT
EXCHANGER 1\
100°C ABOVE
GROUND
RELOW
GROUND

GASIFICATION PRECONDITION ’

‘Figure 1: Two Stage Underground Gasification and Pyrolysis Facility
For Utilization of Deeply Lying Southwestern Subbituminous Coals.

500

400

300

Temperoture {(°F)

@ =0.005 ft%hr
100

H I3 1 L L I 1 kN
OO 200 400 600 €00 1000 i200 1400 1800
Time (days)

Figure 2: Thermal Waves Resulting from 950°F Wall 5, 10 and 20 feet
In Coal with o = 0.005 ft/hr. Conduction Only.

47




AR AlIR

— |

REACTANT SULFUR
GAS COND. RECOVERY
sucrur o |
PROCUCT AIR
H,O MAKE-UP —
GAS -
IN-SITU PRODUCT CLEAN POWE
GASIFICATION F GAS COND. ] up PLANT ]
I 100 MW
GAS DRYING & | HYDROCARBON
COND. PYROLYSIS RECOVERY STACK

l ! TO PLANT
UTILITIES

LIQUID
HYDROCARBONS

Figure 3: Flow Diagram of Above Ground and Below Ground Processing Facilities
for Two-Stage C0,-0, Process. (All process steps except in in-situ
gasification and drying and pyrolysis are above ground)

CONCRETE -

REACTANT OR g MONITORS AND FLUSHING

ts

ADDITION PlPEiﬁ oy/ WL

Flgure 4: >
STANDARD -
Cross Section of| TUBING
Mass Control
Wall for Under-~
ground Experi-
ments

PAKT-IN-PLACE
OR OTHER PILES
OF CONCRETE

IN-QUT WATER-CQOLING
PIPES CAN BE INCLUDED;
CAN BE METAL OR PLAST!C

e ———"
e SUBSOIL

ALVIK
TUBING

48




A REPORT ON THE SUCCESSFUL DEVELOPMENT OF
UNDERGROUND COAL GASIFICATION AT HANNA, WYOMING

D. D. Fischer, S. B. King, and A. E. Humphrey

Energy Research and Development Administration
Laramie Energy Research Center
P. 0. Box 3395, University Station
Laramie, Wyoming 82071

INTRODUCTION

Previous authors have reported the results of several field tests
of underground coal gasification (1). Prominent among these are the
Russian work (1, 2) (which has included commercial utilization of UCG),
the British tests (3), and early U.S. experiments (4-7). In 1973 the
Bureau of Mines initiated the first of a series of field experiments
near Hanna, Wyoming. This first test was designated Hanna 1 and has
been previously detailed (8-11). The first Hanna experiment (Hanna I)
was conducted from March 1973 through March 1974. Approximately 4000
tons of coal were utilized. During six months of optimum operation 1.6
MM scfd of 126 Btu/scf gas were produced.

Based upon the encouraging results of Hanna I, a second experiment,
designated Hamna II, was initiated in 1975. This experiment was divided
into three parts, called Phases I, II, and III. Phase I has already
been reported (12) and will only be referred to as a basis of comparison.
Phase I was conducted from June through August 1975. It yielded an
average production of 2.7 MM scfd of 152 Btu/scf gas during 38 days of
gasification between two wells on a 52.5 feet spacing. Approximately
1260 tons were utilized during the experiment. The results of Phases II
and III are the subject of this report.

Description of the Process

The UCG process being tested by the Laramie Energy Research Center
(LERC) is known as the Linked Vertical Well (LVW) technique. It in-
volves two major steps: preparation of the coal seam followed by gasifi-
cation as depicted in Figure 1. The preferred preparatory step is
reverse combustion linking. The steps involved in reverse combustion
linking are shown in Figure 1 A, B, and C. Wells are drilled and com-
pleted to the coal seam. A downhole electric heater is positioned in
one well to ignite the coal. Air at a pressure slightly less than
lithostatic pressure is injected at the ignition well to sustain a com-
bustion zone. Then air injection is switched to an adjacent well. The
injected air percolates through the coal seam to the ignition well and
the combustion zone proceeds from the ignition well to the injection
well, i.e., toward the source of oxygen. Because of this countercurrent
movement of the injected air and the combustion zone, the process is, at
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this point, called reverse combustion. As this combustion zone proceeds
to the injection well, a localized, highly permeable pathway of carbonized
coal is left behind. When the combustion zone reaches the injection

well, the system is ready for high volume, low pressure air injection
which allows efficient gasification.

This preparatory step is extremely important because its location
within the seam and its successful completion determine the future
course of the gasification period. In addition, it is essential because
coal in its natural unprepared state has insufficient permeability to
enable air injection rates necessary for efficient coal gasification.

Figure 1 D, E, and F shows schematically the gasification step.
Upon initiation of high volume, low pressure air injection, the gasifi-
cation zone expands around the injection well until it encompasses the
full seam thickness. The gasification zone then proceeds back toward
the ignition well. Thus this step is a forward combustion process,
i.e., reaction zone movement and gas flow in the same direction. In
this manner the full seam thickness is gasified between two adjacent
wells with high thermal efficiency.

Description of Hanna II

Phase I of Hanna II has been described in a previous paper (12).
Phases II and III were conducted using the well pattern shown in Figure
2. The instrumentation wells were drilled and instrumented by Sandia
Laboratories of Albuquerque, New Mexico, under ERDA funding (13).

The seam being utilized is the Hamma #1, a 30-feet thick subbituminous
coal seam at a depth of approximately 275 feet at the Hanna II site.
Wells 5, 6, 7, and 8 were completed 10 feet through the coal seam and
perforated over the bottom 6 feet of the coal seam.

The original plan for conducting Hanna II, Phases II and III con-
sisted of the following steps:

Phase II
1. Reverse combustion link Wells 7 and 8.
2. Reverse combustion link Wells 5 and 6.
3. Gasify from Well 6 to Well 5.
Phase III
1. Reverse combustion link from the 5-6 line to the 7-8 line.
2. Gasify in a line drive from the 7-8 line back toward the

5~6 line.
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The main advantage of operating such a line drive system would have
been improved areal sweep efficiency. Success of the technique was
dependent upon the ability to form the broad reverse combustion link
from the 5-6 line to the 7-8 line. This broad front link was not achieved
and Phase ITI was modified to another two-well gasification system with
gasification proceeding from Well 8 to Well 7. Phase II was completed
as planned.

RESULTS OF HANNA II

Phase II

Reverse combustion linkage of Wells 7 and 8 was conducted during
December 1975. Linkage of Wells 5 and 6 was completed in April and May
1976. No instrumentation was available along the 7-8 line to determine
the location of the link, but as seen in Figure 2, the 8 wells between
Wells 5 and 6 gave an accurate picture of the linkage path. Figure 3
shows the path of the link from Well 5 to Well 6 based on thermal data
gathered during the linkage process.

Much more important is the location of the link within the coal
seam relative to the bottom of the seam. The most advantageous position
is within the bottom third of the seam. As the link proceeded from Well
5 to 6, the initial temperature rise observed at thermocouples in Wells
D, 0, G, E, and B always occurred at levels O or 5 feet above the bottom
of the seam. Thus, placement of the link low in the seam was extremely
successful. Positioning the link low in the seam allowed the gasifi-
cation front to undercut the coal as it moved from Well 6 back to Well 5
after completion of the link. This resulted in fresh coal falling into
the reaction zone yielding high resource utilization efficiency and
producing a packed bed system.

The link was completed on May 4, 1976. Gasification from Well 6 to
Well 5 was conducted from May 5 through May 30. Injection rates used
were 1700, 2500, and 3500 scfm, respectively, in a programmed fashion as
shown in Figure 4. Production rates, product gas gross heating value,
and gas composition for the five major components are shown in Figures
4-6. As can be seen the step function increases in air injection rate
had no effect on gas composition or gross heating value. Until the last
eight days when the gasification zone approached Well 5, the heating
value was extremely constant.

The total tonnage of coal utilized during both the linkage and
gasification of the 5-6 system was 2520 tons. This value is based on a
carbon balance using a weighted average composition determined from a
core taken at the Hanna II site (14). This compares to 1260 tons utilized
during gasification between two wells on a 52.5 feet spacing during
Phase I. The improved utilization during Phase II is postulated to
result from the higher injection rates, the positioning of the link
at the bottom of the coal seam, and from holding 30 to 50 psig back-
pressure on the production side. The estimated gasified area based on
thermal data from the instrumentation wells and on modeling efforts
conducted at LERC (15, 16) is shown in Figure 7. Thermal data indicates
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that at the midpoint of the 5-6 line the gasification zone was almost as
wide as the 5-6 spacing.

Phase IT1

As previously stated, Phase III was modified from the proposed line
drive system to another two-well experiment with gasification proceeding
from Well 8 to Well 7. Again three pre-plamned injection rates were
used. These rates were 2500, 3500, and 4500 scfm, respectively. In
addition, backpressuring the system was conducted to determine the
effects of reservoir pressure changes on the gas composition.

Figures 8-11 show the injection and production rates, injection and
production pressure, product gas gross heating value, and product gas
composition for the five major components. Significant differences are
seen in the heating value and composition when compared to data from the
'5-6 system. The heating value dropped off much more rapidly during the
lifetime of the 7-8 system.

The explanation for this difference is shown in Figures 12 and 13.
Figure 12 shows the gross heating value, cold gas thermal efficiency,
and ratio of water produced to coal utilized during the 5-6 gasification
period. As can be seen, the heating value and cold gas efficiency were
stable until Julian Day 142 (May 21, 1976) followed by a gradual decline.

In contrast, Figure 13 shows the same variables for the 7-8 gasifi-
cation period. The heating value and cold gas efficiency show a steady
decline from the beginning of the 7-8 gasification period with the most
dramatic drop occurring around Julian Day 196 (July 14, 1976). That
drop coincided with a planned decrease from 80 to 30 psig in the back-
pressure held on the system. The ratio of water produced to coal uti-
lized increased sharply at that time. Compared to the 5-6 period, this
ratio was approximately twice as high during the early stages of the 7-8
burn and six times as high after relieving the backpressure on Julian
Day 196. This dramatic increase in water would be expected because
groundwater influx should increase as the surface area of the cavity in
the seam increases. In addition, decreasing the reservoir pressure
further increased the water influx rate.

Increasing the air injection rate toward the end of the 5-6 burn
would have stabilized the product gas heating value and cold gas ef-
ficiency since excess water does not appear to have been the cause of
the decline in those two values. Also, an increased injection rate and
higher backpressure during the last 20 days of the 7-8 burn would have
improved the results of the 7-8 burn, but maximum air compression ca-
pacity had already been achieved.

The unique character of Phase III was the excellent resource uti-

lization. The tonnage of coal utilized during Phase III was 4200 tons
(Figure 14).

52




Overall, Hanna II 1s comsidered extremely successful even though
the line drive process was unsuccessful. The total tomnage of coal
utilized was 6690 tons, of which 680 tons were utilized during the
unsuccessful line drive attempt. This is compared to the available 4600
tons contained within the 60 by 60 feet square of the 5, 6, 7, 8 well
pattern. Obviously, coal was utilized outside that arbitrary boundary
but exceeding this artificial total by such a margin indicates high
resource utilization efficiency. Determination of the actual efficiency
awaits coring and seismic surveys of the gasified area to finalize the
true boundaries of the gasification zone, but there can be little doubt
that UCG can achieve high resource utilization efficiencies under con-
trolled conditions.

Energy Balance Calculations

Three different calculations have been previously reported (17).
The first, defined as the energy return ratio, is simply the ratio of
total usable energy produced from the process to total energy consumed
in operating the process. This value must, of course, be somewhat
greater than one for the process to be worthy of commercialization.

The second, defined as overall process efficlency, is the ratio of
total usable energy produced from the process to total energy input to
the process, i.e., the total energy consumed in operating the process
plus the latent energy available in the amount of coal utilized. This
value can, of course, never exceed one.

The third, defined as thermal efficiency, is the ratio of total
usable energy from the process to total energy available in the amount
of coal utilized. Again, this value can never exceed one.

The total energy produced from the process is the sum of five
individual terms. These are the heat of combustion of the dry product
gas, the heat of combustion of the liquid hydrocarbon byproducts, the
sensible heat of the dry product gas, the latent and semsible heat of
water vapor contained in the wet product gas, and the heat loss to ash
and strata surrounding the coal seam.

For the purposes of this paper, the total usable energy produced
from the process is defined as the sum of the heats of combustion of the
dry product gas and of the liquid byproducts. WNo credit is taken for
either the latent or sensible heats. The results of these calculations
are shown in Table I.

Table 1. Energy Balance Results for Hanna II1

Phase
1 11 II1
Energy Return Ratio 5.3 4.5 4.5
Overall Process
Efficiency (%) 71.5 74.3 65.3
Thermal Efficiency (%) 82.7 89.0 76.3

53



Accomplishments of Hanna II

Hanna II ylelded several outstanding accomplishments in the field
of UCG using alr injection. These were the following:

1. Production of the highest gross heating value product gas over
the longest duration ever reported.

2. Operation at the highest thermal efficiencies ever reported.

3. Highest production rate from any UCG test in the Free World.

4, High overall sweep efficiency for parallel two-well patterns.

5. The most thoroughly instrumented UCG test ever conducted.
CONCLUSIONS

Based on the results of Hanna II, a large number of predicted
problem areas attributed to in situ coal gasification technology do not
appear to be of significance. Stable operation at high production rates
with relatively constant gas quality and composition have been achieved.
Overall process and thermal efficiencies were high and resource recovery
was excellent. No detectable gas leakage occurred based on nitrogen and
argon balances. No shutdown due to equipment or process failure was
encountered. Process control based on adjustment of air injection rate
to maintain the optimum air/water ratio appears feasible. Future tests
planned at Hanna will concentrate on further demonstration of these
conclusions and will address the major unknowns still associated with
the in situ coal gasification process, i.e., the effects of subsidence
and the determination of optimum and maximum well spacings.
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PROBLEMS SOLVED AND PROBLEMS NOT SOLVED IN UCG

Robeért D. Gunn

University of Wyoming and the
Energy Research and Development Administration
Laramie Energy -Research Center
P. 0. Box 3395, University Station
Laramie, Wyoming 82071

INTRODUCT | ON

Several different processes of UCG (Underground Coal Gasification)
are being investigated in Horth America. Of these, the linked vertical
well process, developed by the Laramie Energy Research Center, has been
field tested most extensively and is closest to eventual commercialization.
There is, consequently, substantial participation in further field
testing of the linked vertical well process or minor variations of it.
Partial or complete industrial participation is involved in the field
testing programs of the Alberta Research Council, Texas A¢M University,
and Texas Utilities.

Problems, some solved and some not solved, which are associated
with UCG are discussed in this work. Discussion of these problems outlines
the current status of the linked vertical well process. The purpose is
to provide perspective concerning what has been accomplished already and
what remains yet to be done on the road to commercialization of UCG.

PROBLEMS SOLVED

1. Low Gas Quality

An appraisal of world-wide research efforts in UCG through 1971 showed
that no field experiments using air injection had consistently produced gas
with a heating value of more than 4.7 - 5.1 MJ/m3 (120-130 Btu/scf). In
most cases the gas heating values averaged less than 3.9 HJ/m3 (100 Btu/scf)

(1). In contrast all experiments conducted at Hanna, Wyoming, have resulted
in heating values above 4.7 MJ/m3 (120 Btu/scf). During the best controlled
of all of the Hanna experiments, the Phase Il Hanna |l test, the gas

heating value averaged 6.7 MJ/m3 (171 Btu/scf) at production rates ex-
ceeding 215,000 m3/day (8 million scf/day).

The favorable results at Hanna stem from three well defined conditions:

1. Favorable geological conditions (2, 3). An impervious shale
overlies the Hanna No. 1 coal seam. The seam is relatively thick, 9 m.
It lies at sufficient depth, 82-122 m, so that gas leakage to the surface
has not occurred. A single aquifer, of very low productivity, overlies
the coal seam.

64



2. Subbituminous coal. Mathematical model calculations show that
the heating value of gas produced from either lignite or bituminous coal
should be lower than the heating value of gas from subbituminous coal.
Gases produced by carbonization of the coal make up a substantial part
of the fuel gases produced by UCG. Subbituminous coal has a high volatile
content; in addition, the carbonization gases are rich in methane.

In boreholes and large channels, probably the most critical chemical
reaction is the steam-carbon reaction

€ + Hy0 —> €O + H,

which requires a long residence time compared to simple combustion. In an
open borehole, or a borehole partially filled with rubble and large pieces
of coal, there is poor contact between the solid coal char and the mixture
of water vapor and hot combustion gases.

In contrast in the linked vertical well process, no open borehole
exists between the air injection and gas production wells. Instead gases
permeate through the dried, partially devolatilized coal. Average
particle size, at least for the Hanna No. 1 Seam, is on the order of one
millimeter. Because there is intimate contact between gases and solid,
the gasification reactions are more extensive; and gas heating values,
consequently, are higher. Bituminous coal contains less volatile matter
and, therefore, produces a lower heating value gas. Lignite has a high
volatile content, but on devolatilization relatively little methane is
produced and a lower quality gas is obtained.

3. Control of water influx. Soviet data from field tests and com-
mercial operations (4, 5), mathematical model calculations (6, 7, 8),
and experimental results from Hanna, Wyoming, (9, 10) all verify that a
too high water influx can produce a major deterioration of gas quality.
The physical reasons for the deleterious effect of water have been
discussed elsewhere (5, 6, 8, 10). Most western Tertiary coal seams are
aquifers. The Hanna No. 1 coal seam, however, is a relatively unproductive
aquifer. Therefore, it is relatively easy to adjust air injection rates
to maintain a near optimum air/water ratio.

2. Decreasing Heating Value

In many field tests the gas produced started initially with a
reasonable heating value which then declined gradually to unacceptable
values. Two mechanisms are known which can cause this behavior:

1. Use of boreholes. One method of coal gasification involves the
drilling of boreholes to connect the injection and the production well.
The coal is ignited then and gasified along the length of the borehole.
In this process the coal burns radially outward, and the borehole increases
in size. As the borehole grows in size, more gas by-passes the coal; and
the gas heating value deteriorates correspondingly.
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2. Higher water influx for larger burned areas. Since many coal
beds in the West are aquifers, water influx tends to increase as more and
more surface is exposed by the combustion front. |In addition, for larger
burned out areas subsidence occurs establishing communication with
overlying aquifers within the subsidence zone.

With an exception discussed later in this paper, a drastic decline
in gas heating value has not occurred during the Hanna field tests. The
major reason is that the linked vertical well process used at Hanna is
not a borehole method but a permeation method, that is, it is essentially
a packed bed process. Packed beds are widely used in the chemical process
industries. A principle, well known among process chemists and engineers,
is that for satisfactory results channeling must be avoided in packed bed
equipment such as chemical reactors, liquid-liquid extraction columns, and
distillation towers. None of the Hanna field tests have yielded any
definite evidence that open channels have been created.

Thermal data from instrumented observation wells (11), flow rate and
gas composition measurements (9, 12), and mathematical modeling (6, 7)
have been used extensively in developing the foregoing description of the
mechanics of the linked vertical well process. As more is learned about
the process, it becomes increasingly clear that lignite and subbituminous
coal properties are especially amenable to UCG. Both types of coal shrink
on heating, and drying alone increases the coal permeability by about two
orders of magnitude (13). It is these properties which permit reverse
combustion Jinking and a permeation type. gasification process to be used.

3. Variability in Gas Quality and Gas Production Rates

A wide variability in gas quality and production rates has been
observed on an hourly or daily basis in many field experiments. The need
for a constant gas flow rate, however, presents no real problem., It is
readily achieved with a constant air injection rate and with the use of a
flow control valve on the production line.

At Hanna variations in gas heating values on the order of + 5 to 10
percent have been observed at a single well on a daily basis. This falls
within the acceptable limits for the firing of large boilers. For a
commercial operation, however, many production wells would be in use
simultaneously and the variability in the gas composition would tend to
average out. It is also noted that gas variability has been more extreme
in the borehole or streaming methods of UCG.

4. Low Thermal (Cold Gas) Efficiency

In this work thermal efficiency is defined as the upper heating
value of dry gas and liquids produced divided by the heating value of the
coal consumed. Consistent with this definition, sensible heat is not
included nor is the latent heat of any water vapor in the gas.

The instrumentation used during the Hanna field tests permits a

accurate determination of the thermal efficiency. These efficiencies
are the highest ever recorded. The Phase |l Hanna | test achieved an
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efficiency of 89 percent for the entire 25 days of the test during which
2300 tonnes (2500 tons) of coal were consumed.

Such high efficiencies are readily achieved under good operating
conditions. The many feet of earth overlying and underlying the coal
seam provide excellent insulation. |In thick coal seams, therefore, the
UCG process operates nearly adiabatically. Most of the thermal energy
released from the combustion of coal char and air must be produced at the
surface in the form of sensible and latent heat and in the heating value
of the gas produced, i.e., chemical heat. The sensible heat is a less
convenient form of energy because it can be transported only over very
short distances.

In the borehole or streaming method of UCG a substantial portion of
the hot combustion gases by-pass the coal and a considerable portion of
the total energy released appears at the surface in the form of sensible
heat. In permeation processes only a small portion of the energy goes
into sensible heat. The combustion gases intimately contact the coal,
and most of the sensible heat is used up for the highly endothermic
steam-char reaction which produces a combustible gas.

A number of conditions can lead to lower thermal efficiencies as
well as lower gas heating values.

1. Thin coal seams. A larger portion of the energy is lost to the
surrounding rock formations.

2. Very high ash coal (over 50 percent). A substantial portion of
the thermal energy is taken up by the ash.

3. Low air injection rates. Gas residence time underground is
longer, and a larger portion of the energy is lost to the surroundings.
Very low air flow rates also result in lower reaction zone temperatures.

4. Gas channeling. This results in poor contact between gases and
coal.

5. Too high water influx. Vaporization of the water uses up much
of the available thermal energy.

6. Gas leakage.

The mathematical model mentioned in this paper can be used to quantify
individual effects listed above. It can also be used to quantify the
synergistic influence of two or more of these effects acting simultaneously.
More detailed discussions of the distribution of energy during the UCG
process have been reported for the Hanna field tests (5, 6, 7, 10).

5. Low Resource Recovery

In the borehole or streaming method of UCG, the combustion front tends
to travel down the borehole rather rapidly and to break through to the pro-
duction well. Once this occurs the gas quality deteriorates very rapidly
below acceptable levels. Under these circumstances, a large portion of the

67



coal is likely to be by-passed, and energy recovery is low. In all tests of
the linked vertical well process at Hanna, Wyoming, the combustion zone
advanced along a broad front, and most of the coal in place was consumed.
For example, Figure 1 shows the well layout for Phases 1l and 11l of the
Hanna I} experiment. Wells 5, 6, 7, and 8 are production and air injection
wells. Letters A to 0 indicate instrumented observation wells with
thermocouples at several levels within the coal seam. With the thermal
data it is possible to track the progress of the combustion zone. These
data show that the combustion front burned through all wells within the

60 foot square pattern except well K. It is concluded, therefore, that

the areal sweep efficiency is well over 80 percent.

The square well pattern shown in Figure | contained 4170 tonnes (4600
tons) of coal. Material balance calculations based on the carbon content
of produced gases show that about 6070 tonnes (6690 tons) of coal were
consumed (9, 14). Obviously considerable burning occurred outside the
square pattern. In fact, the combustion zone burned through to well A but
not to well N on the opposite side of the pattern. At the same time cores
of coal taken near burned out regions have shown no real evidence of partial
utilization of coal, i.e., cored coal samples indicate no substantial
carbonization (15). It is inferred, therefore, that practically all coal
contacted by the combustion front is completely gasified.

A two dimensional mathematical model developed for UCG shows reasonable
agreement with field performance determined by thermal measurements and
material balance calculations (16). When work on this model is completed,
it will be possible to predict the shape of the combustion zone for any
given well pattern.

6. Overall Process Efficiency

The overall process efficiency is defined here as the upper heating
value of dry gas and liquids produced divided by the heating value of the
coal consumed plus all energy consumed on site for gas compression,
utilities, etc. All tests with the linked vertical well process at Hanna,
Wyoming, have shown that UCG is an efficient method of energy recovery (10).
Typically about 14 percent of the energy produced is consumed for gas
compression and other purposes. Most of the energy consumption is for
gas compression. Therefore, the 14 percent figure can be greatly reduced
by optimizing the size of well casing and surface piping and utilizing
efficient air compression equipment. Pressure measurements show that
for a well spacing of 18 m (60 feet), pressure losses are only 0.7-2.0 N/m?
(1-3 psi) even at air injection rates of 120,000 m3/day (4.5 million scf/day).
Thus, very little energy is lost in forcing air through the coal seam
because of the great permeability of lignite and subbjituminous coal after
drying and devolatilization by reverse combustion. Overall process ef-
ficiencies range from 65 to 74 percent for the linked vertical well tests
conducted at Hanna, Wyoming (10).

7. Control of Combustion Front

In a permeation type method of UCG such as the linked vertical well
process, control of the direction and rate of progress of the combustion
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front is achieved through selection of the pattern for production and
injection wells and through control of the air injection rate. A two
dimensional mathematical model described by Jennings et al. (10) has been
used to predict location and shape of the combustion zone with satisfactory
accuracy, The theory requires further verification with multiwell patterns.

8. Equipment Reliability

Equipment failures have severely plagued research on surface coal
gasification processes. This has not been true with UCG (19). The high
level of equipment dependability in UCG results from two conditions, the
great simplicity of the surface installations required and the relatively
low temperatures of gases produced.

9. Lack of Predictability

A frequent complaint has been that UCG is highly unpredictable;
therefore, reliable engineering design was not possible presenting a
major obstacle to commercialization of in situ coal gasification. In the
past this has undoubtedly been true, but the results from the latest test
at Hanna strongly indicate that the problem is close to solution.

Although UCG is not yet ready for commercialization, that time is
approaching rapidly. At the present, understanding of the physical and
chemical mechanisms controlling UCG is far more complete than of many
competing coal gasification processes. This greatly increased understanding
has resulted from three developments: extensive instrumentation of field
experiments, availability of computers large and small (20), and the
development of sophisticated models capable of predicting accurately field
test performance.

10.  Site Specificity

The very favorable results obtained from UCG field tests at Hanna,
Wyoming, have not been duplicated anywhere else in the world. |t might
be concluded that success is specific to the Hanna site. This is not the
case, however. Most of the parameters essential to successful UCG have
been identified through the use of mathematical models and of massive
amounts of data acquired during four years of field testing. Undoubtedly
a number of favorable factors have contributed greatly to successful tests
at Hanna, Wyoming; several of these factors have been discussed already
(refer to item 1. Low Gas Quality). These factors, however, are by no
means unique to the Hanna coal field but occur in many if not most areas
of the West.

PROBLEMS NOT SOLVED

No attempt is made here to discuss all research problems which remain
unsolved because, even with proven processes, new problems frequently
arise, Instead problems which remain unsolved are classified as one of
three types as a basis for discussion.
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Critical Eroblems. These are problems which, if not resolved favor-
ably, will have a major harmful impact on the commercialization of UCG.
Only two problems of this type are known, subsidence and excessive water
influx.

Non-critical problems. These are problems which can have a major
economic impact, but which will not prevent commercialization even if no
favorable solution is found. Uncertainty concerning maximum well spacing
is such a problem.

Developmental problems. These are problems which require application
of off-the-shelf technology, or are problems which may require new tech-
nology but will not have a major economic impact on the process. Gas
clean-up is such a problem.

11. Subsidence

Subsidence is probably the most important single obstacle to com-
mercialization of UCG. Because of fiscal limitations, the tests at Hanna
have been limited to two and four well patterns with 60 foot spacing. With
this spacing no subsidence has been observed at the surface, although
subsurface caving of the roof has occurred directly over areas of burned
out coal.

When larger UCG patterns are used, subsidence of the surface will
occur inevitably. At many locations in the western states this is not an
insurmountable problem. Even with extensive subsidence, the surface is
less disturbed than it would be by strip mining.

There are, however, three major problems associated with subsidence:

1. Disruption of overlying aquifers. A very sensitive political
issue in arid regions.

2. Establishment of communication with overlying aquifers through
subsidence and consequent flooding of the combustion zone.

3. Gas leakage to aquifers and possibly to the surface.

Only future field tests with large patterns can determine to what
extent the foregoing harmful effects can be minimized.

Of course, if the effects of subsidence should prove intolerable in
a given situation, it could be avoided entirely by utilizing small isolated
burn patterns. This would be practical only if the rock overburden had
sufficient structural strength as it does at Hanna. It would result also
in an unfortunate reduction in the amount of recoverable coal.

12. Excessive Water Influx

Virgin coal in the Hanna No. 1 seam has low permeability and is a very
unproductive aquifer. For this reason, it is possible to maintain a nearly
optimum water/air ratio (moles water produced from the coal seam/moles air
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injected) at reasonable air injection rates. This was true for Phases | and
Il of the Hanna |1 experiment. Both of these tests involved only two wells
spaced 16 m apart for Phase | and 18 m apart for Phase |!.

Both the heating value of gas produced and the thermal efficiency of
the process were much lower for Phase i1l than for the previous two tests.
Field data (9, 10) and calculations with the mathematical model (8) both
confirmed that the deteriorating results obtained in the Phase IIl test
resulted from an excessive influx of water. Physical limitations of the
air injection system prevented adjustment of the water/air ratio.

Phase |1l involved a four well test pattern. Thus, the reaction zone
was exposed to a much larger area of water drainage from the coal seam.
Also the larger burn area may have promoted greater caving of the roof and
communication with an overlying aquifer.

Excessive water influx can be controlled in four ways:

1. Use of dewatering wells.

2. Careful pressure control.

3. Adjustment of the air injection rate.

4. Gasification in an up dip direction.

The degree of success that can be achieved with these control measures can
only be proven with the use of large well patterns in future tests.

13. Maximum Well Spacing and Depth

Factors affecting maximum well spacing and depth are largely conjectural
and have not been investigated in field tests. Maximum depth at which the
process is workable is an important indicator of the amount of coal that may
be suitable for UCG. Maximum well spacing is important because the drilling
and completion of wells is a major cost item in the operation of a UCG
project. Neither is a critical problem, however. There are vast deposits
of coal available at depths already tested successfully with UCG. Economic
studies indicate that UCG even with the close spacing used at Hanna, Wyoming,
may be competitive already with some intrastate natural gas prices (21).

14, Bituminous Coal

It has been emphasized earlier that the linked vertical well process is
a permeation method and that this fact has been responsible for much of the
success of the Hanna tests. Lignite and subbituminous coal shrink on
drying and carbonization. This permits the use of reverse combustion
linking, and the establishment of a permeation process during forward gasifi-
cation. At this time it is not certain that the linked vertical well process
can be used successfully in eastern bituminous coal which swells on heating.
Because of the large population of the eastern states, it is important to
test the viability of UCG in eastern coal. However, this is not classed as
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a critical problem, that is, a problem critical to commercialization of UCG.
Regardless of the outcome of eastern tests, UCG remains a workable process
in lignite and subbituminous coal.

15. Gas Clean-Up

Gas treatment is classified as an unsolved problem because it has not
been attempted or demonstrated in the field. Gas analyses, however, indi-
cate that only existing technology is required for gas clean-up which is
primarily a developmental problem.

Coal gas from coke ovens or Lurgi gasifiers contains heavy tars and
much particulate matter. Extensive and relatively expensive clean-up is
required for these gases, and the highly viscous coal tars tend to plug
valves or other equipment.

In contrast gas from UCG is much cleaner. The condensed liquids cause
fewer problems than typical coal tars because of the difference in their
physical properties. The liquids from UCG have a low viscosity similar
to that of oils. MNone of the material has a boiling point above 780 K
(950° F). Almost a quarter of the more typical coal tar derived from the
laboratory carbonization of Hanna No. 1 coal was composed of residue with
a boiling point above 810 K (1000° F) (17).

Particulate concentrations and compositions have been reported as well
as trace metal analyses (18). During forward combustion particulate loading
has varied from 0.05 to 0.90 gm/m3. About 1/2 to 2/3 weight fraction of
the particulate matter collected falls in the submicron range. Analyses
indicate that it consists of partially carbonized coal and coal char.

Sulfur is produced in the form of hydrogen sulfide and no sulfur
dioxide has been measured. Hydrogen sulfide, of course, can be scrubbed
much more easily from the gas than sulfur dioxide.

Gas production temperatures usually range between 510-590 K (450-600° F).
Thus, high temperature clean-up is not needed, and existing technology
appears to be adequate for gas treatment.

SUMMARY AND CONCLUSIONS

Fifteen major technical problems associated with UCG have been discussed.
Ten problems have been largely solved, five remain unsolved. Of the five,
it is believed that only two, subsidence and excessive water influx, can
present potentially major obstacles to commercialization of UCG. The Laramie
Energy Research Center has had virtually no field experience with either
problem because they become major ones only with large well patterns which
have yet to be field tested. However, proposed large area field experiments
should determine within the next few years if these two problems can be
resolved favorably.
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DESCRIPTIONS OF REVERSE COMBUSTION LINKAGE AND
FORWARD GASIFICATION DURING UNDERGROUND COAL GASIFICATION

P. J. Hommert and S. G. Beard

Sandia Laboratories
Albuquerque, New Mexico 87115

INTRODUCTION

From March to July 1976 the Laramie Fnergy Research Center {LERC) conducted
Phases 2 and 3 of the Hanna IT Underground Coal Gasification (UCG) Experiment in
a 30-ft subbituminous coal seam located at a depth of 270 feet near Hanna, Wyoming (1).
The test was extensively instrumented by Sandia Leboratories with the objectives of
both measuring the in situ process directly and developing remote measurement
techniques that would be appropriate for monitoring future large scale gasification
projects. Primary among the remote techniques were passive acoustic, induced
seismic and electrical {(2). While the data in these areas are still undergoing
analysis, the techniques appear promising in their ability to detect regions of
affected coal and thereby provide real-time measurement of the process movement.
In addition to these remote techniques, extensive thermal data were obtained during
the test by thermocouples located within the coal seam. This paper presents infor-
mation about this gasification test obtained from an analysis of a portion of these
thermal data.

DESCRIPTION OF EXPERIMENT

The test utilized the linked vertical well concept for thick seam gasification.
As applied at Henna this involves essentially a two-step process. First, a high
permeability link between the process wells is established by means of reverse
combustion. This inwvolves injection of high pressure air at one well and ignition
at the other. A combustion front is then drawn from the ignition source against the
air flow towards the injection well. Once the link is complete, air flow into the
seam at lower pressures increases substantially, the direction of front movement
reverses, and forward gasification proceeds from the injection well toward the
production well.

Figure 1 indicates the process and instrumentation well pattern for the Hanna II
experiment. The letter-designated Sandia instrumentation wells contained, along
with other measurement devices, typically eight Chromel/Alumel thermocouples at
different locations within the coal seam. Additional thermocouples were located in
the overburden.

The experiment was conducted in two parts.* Phase 2 involved linkage and
gasification between process Wells 5 and 6. TPhase 3 was initially an attempt to
drive the 5-6 burn as a line toward the 7-8 well line; however, this proved unsuccess-
ful and the bulk of Phase 3 consisted of two-well gasification similar to the 5-6
burn. Most of the interpretations presented herein deal with the more heavily
instrumented Phase 2 part of the experiment.

*Phases 2 and 3 were conducted between Days 96 and 152, and Days 152 and 213 (1976),
respectively.
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ANALYSTS

The majority of the thermal data obtained during the test show very rapid
temperature rises. This is the result of sudden exposure to high temperature gas
flows and/or the direct passage of the combustion front. There are, however,
temperature rises seen during certain parts of the test which appear to be the
result of conduction from a high temperature region. In particular, these responses
were observed during reverse combustion linkage and the later stages of forward
gasification. Such data can be analyzed by conduction models to provide information
about the high temperature regions. The analysis constitutes. the solution of an
inverse problem; i.e., the source will be characterized by observations of its output.

The approach taken for solving the inverse problem in this paper is that of
minimizing a least squares comparison of measured data and model calculations. This
determines a solution range for the conduction model parameters. Both random search
and simplex techniques are used to perform the optimization.

Linkage Analysis

During reverse combustion linkage, the affected coal is confined to a narrow
region due to the low flow rates and the fact that thermal energy is propagated
into the virgin coal predominantly by conduction (an inefficient transfer mechanism
in coal). Thus, for analysis purposes, the linkage path is modeled as a cylindrical
path of radius a and average temperature, Ty. Using this model, numerical finite
difference calculations were made which included the effects of temperature dependent
thermal conductivity and water vaporization. Results indicate that for responses
below 200°F, the constant property analytical expression (3),

2(r,t) = (7,7, (a/r) Y erte((x/a-1)/20at/s) ) 4 1, 1)

can fit the numerically generated results within * 5% by adjusting the thermel
diffusivity, a, as an empirical function of Ty. In Equation 1, T, is the initial
ambient temperature, r is the radial distance from the sensor to the center of the
path and t is the time since the arrival of the path in the vieinity of the sensor.
Equation 1 was used to analyze all the low temperature (< 200°F) responses seen
during the Phase 2 linkage. During the period from ignition on Day 94 to Day 11k,
there were thermel responses of at least 5°F at 17 sensor locations with at least
one in each of the eight wells nearest the line between process Wells 5 and 6. These
deta are shown in Figure 2 with the remeinder of the responses in these eight wells
during Phase 2. The thermocouple locations are expressed in feet from the bottom
of the coal seam. For legibility the responses are truncated once a level reaches

a temperature sufficient for gasification (taken here as 1500°F) or at an indication
of thermocouple failure.

The optimization routines return values for a, Ty, and the position coordinates
necessary to specify r. Least squares comparisons were made in four regions: near
Wells D and O, between Wells F and G and between Wells A and C. The responses in
Wells E and B indicate that the linkage path passed directly by these wells. Also,
the speed with which it passed between them and the fact that the E-B line coincides
with a major fracture direction makes it plausible that the path proceeded along e
fissure near these two wells. Therefore, the data from these wells could not be
appropriately analyzed with a conduction model.

The early responses shown in Figure 2 along the Well A-C-F-G'line indicate the
presence of two separate linkage paths. The leveling off seen in the 5-ft response

77



in Well C indicates that the path near this well probably did not fully develop.
The temperature responses seen in the two levels in Well C and one level in Well A
are consistent with a linkage path of equal size and temperature to that passing
between Wells F and G but one that begins to cool rapidly after about Day 106.

At approximately the same time, the F-G linkage path proceeded rapidly from Well E
to B which would make this path the preferred flow direction,

Figures 3 and L summarize the results of the analysis of linkage data using
Fquation 1 where for the A-C path an additional term is added to account for cooling
after Day 106. Figure 3 compares typical calculated and measured responses for a
number of different sensor locations. Figure U shows the relative position and
size of the linkage paths with respect to the instrumentation wells.

A number of statements concerning linkage can be made as a result of the
analysis.

1. Typically, the initial temperature increase shown by the measured data is
greater than that predicted. This is consistent with the idea that the initial
pulse comes from the most active combustion zone whereas the long term response
is indicative of the average temperatures in the path behind the combustion
front. These temperatures are, of course, lower than the peak combustion
temperatures.

2. The low thermal conductivity of coal results in large temperature gradients so
that small changes in distance result in large temperature changes. Thus, the
most accurate interpretations that can be made from the analyses are those
relating to position.

3. Results consistently indicate effective diameters for the linkage path in the
range 2.5 to 3.5 ft.

4. The analysis cannot determine accurately the temperature of the path, because
temperature has a weak effect on response, and it is also sensitive to fluctuations
in flowrate. Therefore, the responses result from heat sources whose strengths
may vary widely over the measurement time. The analysis does indicate path tempera-
tures of 900 to 1300°F.

5. The analysis places the center of the primary linkage path 5 ft from Well D,
3.5 ft from Well O, and 4 £t from Well G. Similarly, the other path is 4 ft
from Well D and 4.5 £t from Well C.

6. In all the linkage data there is no evidence of thermal override in the coal seam.
The Well A-C path remains about 6 ft from the bottom of the coal seam and the
Well P-G path about 5.5 ft from the bottom.

7. None of the low temperature responses are inconsistent with either the analytical
model itself or the interpretations resulting from the analysis. However, because
of the nature of inverse problems (especially when there are many unknowns), these
results do not preclude the possibility of other mechanisms or models accounting
for the ocbserved responses.

Gesification Analysis

In additjon to the data obtained during linkage, the responses measured later by
sensors outside the gasified zone can be analyzed with conduction models to determine
the boundary of the affected coal zone in the vicinity of the sensor.
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When analyzing thermal responses during forward combustion, it is important to
recognize that certain regions of the virgin coal can be heated by convective gas flows
in addition to possible conduction. In such regions a pure conduction analysis
would not be appropriate. A number of factors, however, indicate that the initial
temperature increases in Wells H, I, and J can be considered as primarily due to
conduction. All these wells lie 20-30 ft away from the initial high permeability
flow paths established during Phase 2, and two-dimensional isothermal compressible
flow calculations indicate that at such distances there is very little gas flow in
the virgin coal. Also, none of the thermocouples show any significant preheating
prior to the upturn which has been characterized as due to conduction. Therefore,
conduction models are appropriate for analyzing the responses in these wells as
affirmed by the excellent agreement so obtained between calculations and measured
data.

The model chosen to analyze these responses is that of a fixed wall which
experiences a step jump in temperature to some typical gasified zone value at the
initial time. 1In order to account for boundary movement a dummy initial time
increment is used. This time increment allows for the establishment of a preheat
zone which models the thermal profile preceding a slowly moving boundary. Two-
dimensional calculations show that, due to the insulating properties of the coal, a
one-dimensional expression can be used to determine the normal distance from the
sensor to the boundary even if the boundary is vertically nonuniform.

For the one-dimensional case the appropriate analytical expression (3) is
T(x,t) = (TH-TA)erfc(x/e Jat) + T, . 2)

The variables here have the same meaning as in Equation 1 except that x is the
distance from the sensor to the nearest point on the boundary. As was the case for
the linkage analysis, for low temperature responses the analytical expression in
Equation 2 provides good agreement with numerical calculations that include property
variations and vaporization when @ is an empirically determined function of TH'
The data analyzed using this model were the responses seen late in Phase 2
in Wells H, I, and J. Plots of these data are presented in Figure 5. The agreement
between the measured data and model calculations is quite good and better, in fact,
than was seen in the linkage data analysis.

The analysis of the Well H, I and J responses lead to a number of conclusions
concerning gasification in the later stages of Phase 2.

1. The final boundary at the end of Phase 2 (Day 152) for the 10-ft to 20-ft
levels was approximately 4-5 ft from Well J and 3-4 £t from Wells H and I.

2. The vertical structure of the final boundary was such that it extended about
1 £t further out from the reaction zone center at the 10-ft level than at the
20-ft level.

3. The predominant reason for the time lag between the responses at the lower and
higher levels is not the difference in final extent but rather the upper levels
just reach the final position later in time. This conclusion implies that the
combustion front, at least in the directions perpendicular to the process wells,
at later times is not moving uniformly across the seam, but rather it is
pivoting about the points of furthest extent near the bottom of the seam, This
pivoting movement is illustrated more clearly in Figure 6 which shows a
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schematic diagram of the gasified zone boundary movement during the later stages
of Thase 2 in the vicinity of Well I. The lines drawn are approximations to the
finite thickness boundary (~ 2 ft) containing pyrolysis and gasification regions.
They are based on the information obtained from thermal data as to the final
position, time of arrivel at that position and minimum horizontal velocity just
prior to reaching that position. Also, the boundary line on Day 135 is con-
sistent with the contours drawn in Figure 7. The actual data used are for
levels in the 10-ft to 20-ft region. The 30-ft and O-ft responses are distorted
by conduction in the over and underburden, respectively. None of the responses
outside the 10 to 20 ft range are inconsistent with the extrapolated boundaries
indicated by dashed lines in the figure.

L, Typical boundary temperatures necessary for good agreement between calculated and
measured responses were in the range of 1150°F to 1600°F.

Data Interpretation

Having completed an analysis of the predominant conduction responses seen during
Phase 2, it is of interest to correlate these analyses with the rest of the thermal
data in an attempt to picture the structure of the gasified zone as a function of
time. Figure 7 represents such an attempt. Figure 7a shows the gasified zone on
Day 135 divided into two sections. The dashed line is an average extent for the
O-ft to 10-ft level within the coal seam. The solid line represents an average
extent for the 10-ft to 30-ft levels. The reason for such a division is cobvious from
the considerable difference in areal extent betwéen the two zones indicated in the
figure. The primary inputs for constructing these contours are the responses at the
lower levels in Wells A and D and the lack of such in the upper levels, extrapolation
of the boundaries and arrival times indicated by analysis of the Well H, I, and J
data, and the 20-ft responses in Wells F, G and O, The contours were also constrained
to agree with LERC's material balance calculations as to the amount of coal gasified.
Figure 7b shows the extent of the same two zones at the completion of FPhase 2,

These contours are more difficult to draw since the only hard data is the boundary

near the H-I-J line and, of course, the need to agree with material balance calculations
Therefore, it was necessary to extrapolate from the upper level responses in Wells A,

D and G to draw the contours on Day 152. The effect of the assymetry in the primary
linkage path is evident in the shape of the gasified region.

While continuous boundaries of a gasified zone can be drawn, it is important to
recognize that the gasification mechanism probably varies along the boundary. For
example, the rapid responses in the low levels of Wells A and C would seem to be
characteristic of the advance of a combustion front and it's associated steep
temperature gradients. In contrast, the more gradual rises seen in Well D are
probably the result of expansion about the linkesge path due to a high temperature
oxygen depleted gas stream and reduction reactions.

Teken together, Figures 7a and Tb provide a picture of how the UCG process
proceeded in the Hanna seam during forward gasification. There is an initial period
of rapid horizontal growth at about the level of the linkage path perhaps due to
higher in situ permeability in the horizontal direction. During this period the
vertical growth is slower and is confined to the region near the injection well and
adjacent to the linkage path. Then at some point the rate of horizontal extension
low in the seam slows, and during the later stages of gasification the boundary
"pivots" about the points of furthest extent and moves towards the roof of the coal
seam aided by subsidence,
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Three additional observations support this description of the process. First,
if the gasified zone expands very rapidly in the lower third of the seam, then one
might expect to see some combined convection-conduction heating to upper level
thermocouples from below prior to their experiencing high gasification temperatures.
Exemination of the 15 and 20-ft responses in nearly all the wells shows just that
trend. Almost without exception, the upturns at these levels are slower than those
seen at the 0, 5, and 10-ft levels. Many of the responses are not unlike what would
be calculated by conduction from a high temperature boundary 2 to 3 ft away. Second,
induced seismic data (4) on Day 132 indicate a region of affected coal 4 to 6 ft
beyond Well A at about the 5-ft level. This again indicates much more rapid expansion
at the lower levels since it is clear from material balance considerations alone that
at the upper levels the gasified zone can have nowhere near this extent, Finally,
passive acoustic source locations in the overburden, which are indications of the
zone extending to the roof of the coal seam, are predominantly located to the
injection well side of the Well A~C-F-G line, This is consistent with the contours
which show greater vertical extent in this region.

CONCLUSIONS

The thermal data analysis indicates the reverse combustion linkage path in the
Hanna seam was approximately 3 ft in diameter., The position of the path with
respect to the instrumentation wells was mapped and no evidence of vertical override
was detected. The analysis of boundary thermocouple data combined with thermal
responses from within the gasified zone indicate that the initial stages of forward
gasification showed rapid horizontal expansion at about the level of the linkage
path, whereas, at later stages vertical movement becomes more rapid and leads to
final boundaries that are nearly vertical.
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Investigations of Reverse Linking in
Thin Bituminous Coal Seams

George W. Douglas
Marvin D. McKinley

The University of Alabama
College of Engineering
University, Alabama 35486

Introduction

This research project is being conducted as an investigation into the feasi-
bility of underground (in-situ) coal gasification in the Warrior Coalfield of
Alabama. It is sponsored by the National Science Foundation and is being carried
out by the Mechanical, Chemical, and Mineral Engineering Programs of The University
of Alabama in cooperation with the Geological Survey of Alabama. The Warrior
Coalfield is the largest and most productive of the coalfields of the state. In
addition to the seams that are now being stripped or deep mined, there are numerous
thin seams Tless than 100 c¢m. in thickness which cannot economically be recovered by
conventional technology. At present, the deepest underground mine in Alabama is
610 meters but recent deep disposal well drilling shows coal at 1370 meters. This
suggests the presence of additional coal seams between these depths that cannot be
economically mined but may have potential for production by in-situ gasification.

Laboratory Investigations

Several problems present themselves when one attempts to gasify thin seams of
bituminous coal in-situ that are not evident for thick seams of lower rank coals.
Eastern bituminous coals are largely swelling coals, a property which causes linking
paths to swell short closing off air passages which are necessary for continuation
of the gasification process. Further, it is suspected that heat losses to surround—
ing strata may cause serious problems in the economical gasification of thin seams.
For these reasons it was decided that extensive laboratory and analysis work would
be necessary before any field combustion tests would be feasible.

Laboratory tests to date have been conducted in a combustor shown in Figure 1.
This combustor is designed to allow both forward and reverse combustion and the re-
sults of any particular run can be examined without disturbing the combustion resi-
due. Instrumentation ports are available for thermocouple and gas sampling probes.

Early runs on solid blocks of coal were carried out with a single central crack
being provided for linkage between inlet and outlet. Since it is expected that ac-
tual linking in the field will be done by hydraulic fracturing, resulting in narrow
vertical cracks, such a model for the laboratory combustor seems reasonable. For-
ward combustion runs in the combustor verified that crack closure occurs due to
coal swelling and, in addition, to tar condensation in the crack. Reverse combus-
tion, on the ather hand, proceeds quite satisfactorily and a typical result of re-
verse combustion is shown in Figure 2. Due to the physical properties of the east-
ern bituminous coal it seems that additional linking by reverse -burning will be
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necessary before a forward gasification process can take place. Primary concern
is, therefore, presently being put on reverse linking procedures.

Early reverse combustion runs in the laboratory were made with high air flow
rates and produced results similar to those shown in Figure 2. The burned-out re-
gion behind the thin carbonized zone is probably due to excess oxygen reacting with
the carbon resulting in complete combustion. Since the objective of the 1linking
process is to produce a carbonized zone which can then be gasified in the forward
mode, it is important that the proper air flow be provided.as that complete combus-
tion is avoided. Further, the feasibility of the process will depend to a large
extent on the radial extent of the carbonized zone and, since thin seams are being
considered, heat losses to the surrounding strata will be important.

The approach to analyzing the reverse linking process will be two-fold. First,
experiments in the laboratory combustor are currently being conducted to determine
the relation between crack size, air flow rate and the extent of carbonization.
During these experiments, measurements of temperature profiles within the coal are
being made to provide estimates of temperature gradients. Past experiments have
shown the gradients to be very steep so that coal within a few centimeters of the
combustion zone shows little or no temperature rise. Secondly, a two-dimensional
finite element heat conduction model is being adapted for use with the laboratory
combustor. This program, written by Rohm and Haas Company for use with solid pro-
pellant rocket motors, can be used for thermally anisotropic, non-homogeneous bodies
of complex geometry. The method of application will be to apply the model of Figure
3. Although the two-dimensional model will not strictly describe the three-
dimensional case, it should provide some insight into the advance of the combustion
zone. For example, when the program is applied to the model of Figure 3(a) it pre-
dicts isotherms as shown in Figure 4. Plans are to proceed stepwise into the coal
moving the flame front and changing the boundary conditions as indicated by pyrol-
ysis and air-flow experiments. The reasoning is that a portion of the heat that is
produced by combustion is conducted into the coal seam raising its temperature thus
pyrolyzing the coal at some distance ahead of the flame front. Further combustion
occurs as a reaction between the pyrolysis products and air which has passed through
the char to the reaction zone. o '

Laboratory pyrolysis experiments are presently being conducted to determine the
rates at which various products are generated at different temperatures. The re-
sults of these pyrolysis experiments will be reported in a separate paper. The
method of analysis will be to attempt to couple the combustion of the pyrolysis
products and the resulting heat release with the conduction of heat into the coal
and the consequent further pyrolysis. The finite element model allows a spatially
variable boundary condition which will aid in this type of analysis. Actually,
either of three boundary conditions may be used at the combustion front. These are
constant temperature boundary, convection boundary, and constant heat flux boundary.
Which of the three is to be used will depend on data obtained from this combustor
and experience with the program. Since the oxygen supply will be greatest at the
junction of the crack and the flame front, it is expected that this will be the re-
gion of greatest reaction and therefore the zone of fastest advance of the front.
Thus, the hypothesis is that the carbonized zone will elongate as the pyrolysis re-
actions proceed and the gquestion of interest becomes one of predicting the radial
extent of the zone. Of course, multiple cracks will be present in the field case
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but single cracks are considered here for analysis purposes. This method of anal-
ysis is expected to yield information on both rate and extent of the carbonization
process as well as heat losses to the surrounding strata. The economics as well as
as technical feasibility of the ultimate gasification process will depend in large
part on the reverse linking process and our ability to predict its path and extent.
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UNDERGROUND COAL GASIFICATION FIELD TEST IN ALBERTA - 1976

A.A. Roehl, R.A.S. Brown and E.J. Jensen

Alberta Research Council, Edmonton, Alberta, Canada

INTRODUCTION

Coal gasification is the processing of a solid fuel - coal - to generate a gaseous
fuel. This has been practiced for many years in above-ground gasifiers using mined coal. The
process involves primarily the reaction of the carbon in coal with water to generate hydrogen
and carbon monoxide. Heat required to make this endothermic reaction proceed is provided by
combustion of a portion of the coal. By-products of the reactions are carbon dioxide and pyrol-
ysis products of coal.

In underground coal gasification (UCG) the reactions are carried out in the coal seam.
In ecarly applications mined channels were used for communication between the coal seam and
the surface and within the coal seam. Technology now is based on channels created from the
surface by directional drilling or by linking vertically drilled wells.

In the Canadidn context, UCG is viewed as a method of recovering energy from coal
resources which for economic or mining reasons lie outside the current limits of mining technol-
ogy. In particular it should be applicable to very deep coal deposits or to deposits which in-
clude substantial amounts of non-combustible mineral matter and are not amenable to conven-
tional mining.

The test described in the present paper dates back to a meeting held in the spring of
1975 at which the Alberta Research Council presented tentative plans for a UCG field test to
representatives of interested companies. Response of the companies to the ARC proposal was
favourdble and over the following months more detailed plans for a field test were drawn up
culminating in a meeting held in early February 1976 at which the companies agreed to pro~
ceed with the test and to provide part of the funds for it.

Following evaluation of a number of test sites, the Research Council decided upon a
site located south of Forestburg, Alberta (about 120 miles southeast of Edmonton - see Figure 1)
at the Vesta Mine of Manalta Coal Ltd. A detoiled description of the test will be given in the"
following paragraphs. The test took place during the summer of 1976 with the following ob-
jectives:

{a) to better evaluate and understand current technological methods in underground coal
gasification;

b) to demonstrate the feasibility of those technological methods in a Canadian context;

() to demonstrate that gas with a low Btu content (a heating value of 100-200 Btu's/SCF)
can be produced on a sustained basis; and

(d) to make a preliminary and basic assessment of the factors pertaining to the environment
that may be affected by an underground coal gasification test.

Contribution No. 797 from the Alberta Research Council.
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TEST SITE

1, Geological Description

The coal seam in which the test'took place is in the Cretaceous, Horseshoe Canyon
formation and located in the Battle River coal field, The coal underlies 60 feet of overburden
and is immediately overlain by a bentonitic shale. The major fracture direction in the coal is
53° E of N while the minor fracture is at right angles to this at 143° E of N. Water pump
tests indicated that the permeability of the coal was sufficiently gieat that preliminary fractur=
ing would not be required.

Throughout the area of the test site, the coal is present as about 10 feet of coal ina 12
foot seam. There is a hard, continuous shale parting about two feet from the floor of the seam
and a soft parting about two feet from the top of the seam. Two water pump tests were carried
out to evaluate the directional permeabilities of the coal seam, one in October, 1975, and

the other in April, 1976. In planning the test pottern, the major permeability direction used
was 53° E of N,

The coal in the seam is subbituminous. Table 1 contains the proximate and ultimate
analyses of the coal as well as ifs calorific value. The water level at the test site (i.e. piezo~

metric height) prior to the test was approximately 8 feet above the top of the coal. Drilling
indicated that the water source was located towards the lower portion of the coal seom.

TABLE 1
Coal Analysis *%

Capacity Dry
Moisture Ash Free
Basis Basis
Proximate
Moisture 21.5
Ash 23.9
Volatile Matter 24.5 44,9
Fixed Carbon 30.1 55.1
Ultimate
Moisture 21.5
Ash 23.9
Carbon 40.3 73.8
Hydrogen 2.7 5.0
Sulfur 0.4 0.8
Nitrogen 0.8 1.4
Oxygen 10.4 19.0
Calorific Value (Btu/lIb.) 6820 12490

* Composite of samples from vertical water test well through coal seam,
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2, Test Plan

The test planned for the Forestburg site was, as the objectives indicate, limited in
scope. A rectangular well pattern was drilled to define an area 60 feet by 30 feet, the 60
foot side being in the direction of the major permeability. The test plan involved linking
and gasifying the two shorter ends of the pattern in succession, then attempting a 'line drive'
of one of the linked sections towards the other. In principle, this should create a long sweep-
ing gasification front which should utilize most of the coal in the given area.

Linking of the wells was to be carried out by reverse combustion which was demon~
strated successfully in UCG tests at Hanna, Wyoming. The line drive and gasification of the
linked zones were to be carried out in the forward cambustion mode.

The effect of UCG on the groundwater was to be monitored by chemical .analysis of
samples taken prior to, during, and subsequent to the gosification test, Piezometric heights
were also to be monitored for possible changes.

To detect movements of the ground at the test site which might be caused by subsidence
in the reaction zone, monuments were placed inside and outside the test pattern as shown in

Figure 2 and surveyed to provide base data for subsequent surveys during and after the test,

3. Physical Installation

(a) Flow System

The site plan is shown in Figure 2. The air was supplied from the blower and compres-
sor bank or from a portable compressor, Surface piping was provided as shown in Figure 3 so
that air could be fed to any well and product gas directed from any other well to the flare
stack. The product gas passed through a knock=out drum upstream of the flare stack to remove
tars and entrained water.

Gasification wells 1 through 4 were cased and grouted with high temperature grout.
Figure 4 shows the method of completing and cementing the wells. Wells 2 and 4 were grouted
to the lower part of the seam while wells 1 and 3 were grouted about midway inte the coal
seam, These wells were cased well into the coal seam to counteract gravity override during
linking and gasification.

b) Insfrument stfem

In addition to the gaosification wells, a series of instrumentation wells were drilled
within the test pattern. These are shown in Figure 5 as series 1s through 95 and series 1o
through 4o.

The '’ series of wells (sampling wells) contained a 1 inch stee! pipe for gas sampling
and as a support for thermocouples in and above the coal seam as shown in Figure 4, Within
the coal seam the sample pipe was perforated. High temperature grout was used to seal and
anchor the sampling line within the overburden.

The ‘o’ series of wells (overburden wells) contained thermocouples located from one to
two feet above the top of the coal seam to monitor the penetration of heat into the overburden.

These were also to assist in locating the gosification front during the line drive phase of the

experiments,
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Gas samples were taken from the production wells and gas sampling wells, passed
through knock=-out pots to remove tar and liquid water and then through lead lines for analysis
in @ gas chromatograph system located in the control trailer. Sample gas was passed through
fibre filters immediately outside the trailer to remove the additional tar and water which con-
densed during cooling of the gas samples.

Thermocouples were connected to a scanner in the center of the test pattern which in
turn was connected to the data logger and computer system for data storage and recording. The
complete data collection and processing flow diagram is shown in Figure 6.

Sequencing of the recording of operating data was carried out by a PDP-8M computer
having a dual DEC tape system. A teletype copy of the data was generated for the operator
and the data stored on magnetic tape for future analysis. Some of the data were plotted by
computer to provide a guide for operators during the test.

FIELD TEST OPERATION

Prior to gasification, it is necessary to dry out part of the coal seam and to establish
communication within the seam so that air can be circulated. This was carried out in the
Forestburg tests by flowing air through the seam between wells 3 ond 4 for a number of days.
Reverse combustion linking of the 3-4 segment was started August 19th with injection of air
andinsertion of an electric heater into well 3. The combustion was established in well 3
within three hours and air injection was then switched to carry out the reverse combustion
linking stage. The link was completed between wells 3 and 4 by injecting air successively
into wells 4s, 55, és and 4. Following completion of the link, forward mode gasification pro=
ceeded until carbon dioxide and oxygen levels in the product gas from well 3 indicated that
the gasification zone had reached the production well. At this stage the gasification test in
the 34 zone was terminated and water injected to extinguish the fire prior to commencing
operation in the 1-2 zone.

Comparative results from the gasification stage are shown in Figure 7. The volume of
“gas produced was less than twice the injected air while heating value of the gas produced
ranged from 110 to 150 Btu's/SCF. During the gasification of the 3=4 zone, it is estimated
that about 160 tons of coal were consumed.

Gasification of the section between wells 1 and 2 was started with ignition in well 1.
Following ignition a similar procedure to that followed in the previous link was carried out:
that is, the link wos made to well 1 successively from wells 1s, 2s and 3s. During the linking
stages up to well 3s it was noticed that the linking was more sensitive to variations in the in-
jected pressure and flowrate than it had been in the 3-4 link, and it seemed that relatively
small changes in flowrate would cause a change to forward gasification between the injection
well and well 1.

When the link had been completed to 3s, it was not possible to get communication to
well 2. Perforation of the lower 3 feet of well 2 was carried out to try to alleviate this prob-
lem and did in fact increase the air acceptance of well 2. The link was never, however,
completed to the stage that sufficient air could be injected to satisfactorily carry out forward
gasification of the 1-2 zone,

At this stage it was decided to abandon gasification in the 1-2 zone and to attempt to
link directly to the gasified zone between wells 3 and 4, Accordingly, injection was contin-
ved into well 2 and also into well 1 with production from wells 3 and 4; that is, a forward
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combustion link was attempted between zones 1-2 and 3-4. Communication was established
quite rapidly with well 3 and there was indicatian from the thermocouples in well 7s that the
reaction hod passed by this area. At this stage in the test, hawever, lateral gos leakage be~
came excessive and product gas was detected in wells beyond the test pattern. In an attempt
to limit the loss of product gas to the formation, injection was switched to wells 3 and 4 with
production from wells 1 and 2, Product gas continued to be detected outside the limits of the
test pattern ond the test was terminated.

POST BURN INVESTIGATION

One of the advantages of carrying out the Forestburg test in a shallow coal seam is
that the post burn investigations of the gasified zane within the seam con be made more ecsily
and at lower cost. While detailed plans far this post burn investigation are not finalized,
several possibilities have been considered and a tentative decision made on the procedure to
be followed,

One of the difficulties in evaluating the suitability of a particular coal deposit for
underground gasification is the estimation of the utilization of coal within a given area. From
previaus work it is known that gravity has an influence on the codl utilization as the gasifica-
tion zone tends to rise towards the top of the seam. For this reason production and injection
holes for this test were drilled well into the coal seam. One of the more important and unique
investigations in a past burn study of the gasified area would be to measure the degree of
utilization of the coal for known conditions of air injection and gas production. Inspection of
the boundary of the gasified zone would yield a better appreciation of the mechanism of the
gasification process as shown by the separation of combustian and pyrolysis zones. Another
factor of interest in post burn studies would be the subsidence of overlying formations into the
gasified zene,  Information of this kind is not available at present and cannot be deduced from
subsidence studies of areas developed by underground coal mining since the overburden in that
case, while dried out to some extent, is not subjected to temperatures as high as those en-
countered during gasification of coal,

Post burn inspection of the gasification area requires mining or excavation of the
seam or inserfion of remote sensing equipment into the gasified zone. Some of the possibilities
are noted below.

The most promising method of post burn evaluation far a shallow site and the method
for which detailed plans are naw being developed for the Forestburg test site is excavation by
strip mining techniques. This entails removal of overburden down to a few feet above the top
of the coal seam followed by more careful mining of the gasified zane. Either dragline or
scrapers could be used for the initial stripping although the dragline has some advantage if
subsidence is anticipated.

Underground mining of the gasified zone has been considered but was ruled out because
of safety cansiderations. Residual highly toxic gas from the gasification process would be an
unwarranted hazard to personnel working underground.

Coring through the gasified zone was tried in the earlier Hanna tests. 1t is difficult,
however, to drill into a gasified area without destroying the structure left by the gasification.
Coring is useful for indicating the degree of heat penetration into the formations overlying
and underlying the gasified zane provided that cores can be recovered.
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An initially attractive method would be to suspend a remotely controllable movie
camera, television camera or sonar device in the gasified zone. The zone can then be scanned
by the remote device through a single borehole. The success of this method is dependent upon
the presence of a well defined cavity. This is not likely to exist in this case.

SUMMARY

It is difficult to determine at the moment the differences between the gasification tests
in zones 3-4 and 1-2, One obvious difference is that water availability was greater during
the initial link and gasification in the 3-4 zone. Subsequent to gasification in the 3-4 zone,
water levels throughout the pattern were lowered (up to 12 feet at the gasification wells).

This decrease of water availability very likely had a marked influence on the lateral gas leak-
age noted during linking in the 1=2 zone,

The test did show that fuel gas having a heating value greater than 100 Btu/SCF can
be produced from a shallow coal seam and that vertical containment is possible even at depths
as shallow as 60 feet. More detailed evaluation of the test must await the analysis of all of
the operating data and the results of the groundwater testing and site monitoring programs.
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POTENTIAL FOR UNDERGROUND COAL GASIFICATION IN THE SOUTHWEST
E. A. Walters and H. E. Nuttall
Departments of Chemistry and Nuclear and Chemical Engineering

University of New Mexico, Albuquerque, New Mexico 87131

INTRODUCTION

In occasional outcroppings and beneath the surface of the high plateaus and
just west of the southern Rocky Mountains are large deposits of sub-bituminous
coals., These coals were formed in the estuaries, swamps, and lagoons at the edges
of the extensive epicontinental sea of the Late Cretaceous Period. Many millions
of tons of this coal lie strippable depths (overburden is less than 250 feet), but
perhaps 90% of the total deposits lie deeper. These deposits will probably only
be tapped if underground gasification proves feasible. In this paper the question
of the suitability of Southwestern coals for underground gasification is examined.

COAL_RESERVES

The coal fields of the United States are shown on the map in Figure 1. Of the
sub-bituminous basins in the Southwest the largest and most extensive is the San
Juan Basin located in northwestern New Mexico. This study focuses attention solely
on the San Juan Basin. The San Juan Basin is somewhat arbitrarily subdivided into
19 separate coal fields or coal areas, Figure 2. The general orientation of the
fields is an exposure of coal seams on the western edges at elevations of 7,000 or
more feet above sea level dipping gently but steadily to the east at an incline of
2 to 6 degrees. At the eastern extremities the lowest Cretaceous beds lie some
2,000 feet below sea level.

Stratigraphically the deposits are very complex. The coal beds are highly
lenticular, a consequence of their formation from peats at the edges of Cretaceous
swamps or estuaries. The lenses tend to be long and narrow and reflecting the
irregular shape of Mesozoic costlines. Lengths vary from 1 to 30 miles and widths
from 1/2 to 5 miles. At their thickest the lenses rarely exceed 12 feet, though
isolated examples of seams as thick as 22 feet are known, and the most common thick-
ness are between 3 and 6 feet. Lenses are stacked one above the next so that
generally the thin portion of one overlies a thicker section of one beneath it. The
deposit between seams is a wide variety of coastal sedimentary rocks, for example
sandstones, shales, siltstones, and limestones. Seams themselves are frequently
infiltrated with fine layers of clays or other sedimentary deposits. Interspersed
between the major lenses are numerous thin seams of coal. Detailed stratigraphy
varies drastically from site to site and is known well only for a few locations.

The fundamental geologic structure is simple, however, and the basin is generally
free from faults (1,2,3).

The coals of the San Juan Basin consistently fall into the range of sub—
bituminous A or B in the deepest beds to high-volatile € or B bituminous nonagglo-.
merating coals near the surface (2). In this respect and with regard to the low
sulfur content (generally less than 1% of which half is typically organic sulfur)
these coals are suitable for gasification.

The Southwest is a semi-arid region; annual precipitation in the coal basin
is 4-6 inches. The only perennial stream in the entire San Juan Basin is the San
Juan River itself which rises in southern Cclorado and crosses the northwest tip of
the coal basin before continuing westward to the Colorado River. In the coal bear-
ing areas only normally-dry arroyos feed the San Juan River. The aridness carries
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over to the coals which at strippable levels have moisture contents that average
in the 12-15%Z range (3). There are no important aquifers at strip mining depths,
the first aquifers lie about 1200 feet below ground surface. This water is of
very low quality, but it is usable for livestock watering. There are persistent
but largely unconfirmed reports of sporadic artesian activity in the basin. How-
ever, movement of ground water in the vicinity of most of the seams is restricted
to a few feet per year.

There 1s coal at varying depths throughout the basin as pointed out above.
The amount lying within 250 feet of the surface is.estimated to be 5.97 billion
tons (4). That lying between 250 feet and 3000 feet-is estimated to be 122 bil-
lion tons while the amount still deeper is expected to be approximately double
that amount (3,5). It 1s evident that in excess of 90% of the San Juan coal lies
in deep seans.

The entire basin lies in a region of low population density and posséss minimal
agricultural value. The latter feature can be illustrated by the computation that
the livestock carrying capacity of the western portions of the basin is about one
adult sheep per 55 acres (3). The population density of the region is slightly
more than seven people per square mile; this figure includes several sizable munci-
cipalities, so the population density of the vast open areas of the basin is very
low indeed.

GASIFICATION PROPERTIES OF SAN JUAN COAL

Several properties of New Mexico's San Juan coal have been investigated and
compared to Wyoming sub-bituminous coal in which successful in situ gasification
tests have recent been performed by the Laramie Energy Research Center. 1In addition
to chemical analysis, the properties compared are permeability, the extent of frac-
turing during pyrolysis and the apparent devolatilization rates.

As a first consideration in comparing New Mexico's San Juan and Wyoming's
Hanna sub-bituminous coal, the chemical analysis and heating values of deep seam
coals from both locations are very similar as shown in Table 1. San Juan coal,
however, did exhibit a lower moisture content but this factor tends to vary widely
depending upon sample handling.

Coal permeability is an important parameter for the in situ process. Western
sub-bituminous coals typically display moderate permeability upon drying. The
axial permeability of New Mexico's sub-bituminous coal was experimentally and the
resulting values are presented in Table II. The measured permeabilities for dry
samples compare favorably to values reported by Rozsa (6) for Wyoming Wyodak coal
and to values published by Schrider, et. al., (7) for Hanna, Wyoming sub-bituminous
coal. The nitrogen permeabilities were in the range of 1 to 5 darcies for coals
from all these sources. This rather high natural permeability of sub-bituminous

coals seems to result from cracks and fissures exposed during dehydration of the
coals.

Devolatilization studies of San Juan coal have been performed recently and
the results compared to Wyoming sub-bituminous coals. Coal devolatilization rates
were determined by measuring the weight and product gas composition history of one
inch diameter coal particles. The single particle reactor and system are shown in
Figure 3. The reactor and its operation have been described elsewhere (8). Briefly,
the sample is placed in a basket suspended from a load cell which 1is interfaced to
a PDP-11 computer signal for data storage. Carrier gas is introduced at the
desired temperature through a fluid heater. Thermocouples and pressure transducers
located at various points are also interfaced with the computer so continuous temp-
erature and pressure recorded is maintained. Product gases were sampled and
collected and then analyzed either on a mass spectrometer or a gas chromatograph.
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From these studies two factors relating to coal reactivity were observed. First
from examining specially prepared and cross-sectioned samples of pyrolyzed parti-
cles, an extensive network of fissures and cracks was observed. Similar internal
fissuring was also reported by Campbell (9) for Wyoming sub-~bituminous coal. He
found internal surface area increased from 4 to 200 m2/g during pyrolysis of the
coal. The observed immense increase in internal particle surface area accounts
in part for the high reactivity of western sub-bituminous coals. Shrinking coals
generally exhibit large surface area increases upon devolatilization.

The devolatilization rate of San Juan coal has also been measured by using
weight data obtained from the single particle reactor mentioned previously (10).
Comparison data but for smaller coal particles has also been taken using Wyoming
coals. Both San Juan and Wyoming sub-bituminous coals exhibit similar devolatili-
zation rates.

From these preliminary laboratory comparisons of San Juan and Wyoming coals, it
appears that New Mexico's sub-bituminous coal behaves in a similar manner to the
Wyoming coals which have recently been successfully gasified underground.

OTHER FACTORS INFLUENCING IMPLEMENTATION OF
UNDERGROUND GASTFICATION IN THE SOUTHWEST

In addition to questions about coal reactivity, seam structure and stratigra-
phy, and quantities of reserves, several other factors are important in determining
the likelihood of the actual implementation of underground gasification in. the
Southwest. First, there are environmental considerations. Sulfur content of these
coals is low and approximately half of it is organic sulfur, so problems arising
from this element will be minimal. Subsidence is very likely to occur but it should
not be a problem because the land has little aesthetic value and currently has no
agricultural value except for low density support of cattle or sheep. The impact
on ground water is less clear. There are aquifers in the region, but most of these
are-deep and migration of water to them from gasification residue is unlikely. If
gasification is conducted below the known aquifers then mechanisms exist for con-
tamination of the water. Just how serious this might be is an unanswered question
that must be addressed soon.

Secondly, gasification of coal with such a consistently low moisture content
has not been well studied. Water plays a minimal role in the initial devolatili-
zation but can be crucial in determining the nature of the product gas of the
higher temperature gasification phase. In the Hanna tests there have always been
rather large quantities of moisture in the reaction zone which can lead to a
reductive reaction with coal. This will generally not be a possibility in the San
Juan Basin.

Next, the southern and western portions of the country are those that are
growing most rapidly, and ranking high among these are the areas around Phoenix
and Tucson plus much of southern California. Southwestern coal is the closest
sources of fossil energy available for the generation of electrical power demanded
by these centers. Consequently, it is very likely the Southwestern coal will be
consumed at ever increasing rates to meet an expanding regional demand for elec-
trical power.

In the southwestern region a number of large power plants are presently operat-
ing on strip mined coal. As an example, the Four Corners Complex for electrical
generation is fed by the Navajo mine which is the largest coal mine in terms of
production in the United States. The current production rate is approximately 7
million tons per year. All of this coal is used to generate 2,100 megawatts of
electrical power. The Four Corners Complex is a jointly owned enterprise in
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which 48% of the power goes to Southern California Edison, 15% to Arizona Public
Service Co., 13% to Public Service Company of New Mexico, 10% to Salt River Pro-
ject and 7% each to Tucson Gas and Electric and El Paso Gas and Electric. Since
the distribution of power generated in the San Juan Basin is established and the
demand is increasing, this serves as an incentive for the development of the deep
seam coal reserves through underground gasification,

Lastly, the potential market four southwestern coal is expanding not only
because more people in the Southwest are requiring more electrical power, but also
because the natiural gas and oil supplied in the region are dwindling. Since an
extensive pipeline network runs from this region. BTU gas and/or liquid fuels
generated by underground methods could readily be shipped to distant consumers.
Recognition of this fact has already been a major incentive for proposed sufrace
gasification facilities and could well be a determining factor for the commerciali-
zation of underground gasification in the Southwest.

Summary

Laboratory studies of samples of San Juan (New Mexico) and Hanna (Wyoming)
sub-bituminous coals reveal strong similarities in permeability, devolatilization
reactivity, and fracturing when subjected to simulated underground gasification
conditions. The results suggest that San Juan basin coal can be expected to gasify
in a manner similar to Wyoming coal. The seam and bed structures are vastly dif-
ferent in the San Juan basin and the limitations imposed by thin, multiple seams
that have low moisture content are not clear. On the other hand, underground gasi-
fication is a viable alternative from the point of view of environmental and econo-
mic considerations. More detailed reactivity studies of various coals of the basin
and much more stratigraphic information followed by field tests are required before
a definitive statement can be made about underground gasification in the Southwest.
What can be said now is that indications are mixed, but tend to be positive.
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TABLE I

Analysis of San Juan and Wyoming Core Coals

NM Core Wyoming Core
Proximate Analysis
Z Moisture 3.22 7.82
%Z Ash 4.06 8.21
% Fixed Carbon 56.02 49,57
% Volatile Matter 39.92 42,22
Ultimate Analysis (Dry and ash-free basis)
% Carbon 79.34 73.68
% Hydrogen 5.34 5.69
% Oxygen 12.60 18.22
% Nitrogen 1.72 1.82
Z Sulfur 0.45 0.60
Calorific Value (Moisture free), Btu lb_:L

13,801 11,641

TABLE II

Permeability of San Juan Core Coal

Gas Bo’ darcys
air 3.45
N2 3.66
Ne 11.09
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AN INVESTIGATION OF AROMATIC FRACTIONS FROM COAL TAR
PRODUCED BY AN UNDERGROUND COAL GASIFICATION TEST

S. B. King, F. D. Guffey, and G. W. Gardner

Energy Research and Development Administration
Laramie Energy Research Center
P. 0. Box 3395, University Station
Laramie, Wyoming 82071

INTRODUCTION

As most people are well aware, the majority of fossil energy re-
sources in the United States are in the form of coal. Current estimates
place these resources at approximately 4 trillion short toms (1), yet
only 10-25 percent of this resource is recoverable using present day
technology.

The Energy Research and Development Administration is currently
funding several projects to develop the technology of underground coal
gasification. The objective of these projects is to increase the total
recoverability of this vast resource. One of these projects is being
conducted by the Laramie Energy Research Center and is referred to as
the linked vertical well (LVW) process. This process is being developed
at the Hanna, Wyoming, field site and has been under development since
1972,

The most recent test was completed in the summer of 1976. The
results showed a total of 6700 tons of coal utilized and production
rates up to 12 MM scf/day (2). The highest heating value obtained for a
substantial period was approximately 175 Btu/scf. In addition to this
low-Btu gas an organic condensate was produced. This organic condensate
or coal tar comprised 1-1! percent (by weight) of the gas stream. Its
composition has been studied for various reasons, not the least of which
is its value as a petrochemical feedstock or as a fuel. Another con-
sideration is its possible enviromnmental implications whether due to
surface handling or effect on groundwater quality.

DESCRIPTION OF THE LINKED VERTICAL WELL PROCESS (LVW)

The coal seam at the Hanna site is a subbituminous coal, 30 feet
thick and approximately 300 feet deep.

The LVW process is a two-step operation. The first step is to
prepare the seam for gasification, since the virgin coal has a perme-
ability too low to accept the high volumes of air necessary for gasifi-
cation. This preparation is called "linking" and involves the drawing
of a combustion front from the bottom of one well to an adjacent well
using a reverse combustion technique. After this "linking" is complete,
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the permeability between these two wells is sufficient to proceed with
the second step or the gasification process. This involves injecting
large volumes of air into one well and the gasification products being
produced at the other well, It is during this step that the coal tars
are produced and carried to the surface as a by~product of the overall
gasification process.

EXPERIMENTAL

GLC analysis of the aromatic fractions were done on a HP-5712
chromatograph using a 10' x 0.093" 3% SP-400 on 80/100 Supelcoport
column. With a flow rate of 30 ml/min, isothermal at 50 C for 2 minutes,
then a 27 C/min increase to 300 C, a usable separation was obtained.
Combined gas chromatography-mass spectroscopic studies were performed
using a HP-5700A gas chromatograph coupled directly to an AEI MS-12 mass
spectrometer. The GC separation was obtained using support coated open
tabular columns.

Simulated distillations were performed with use of gas chroma-
togrgphy with residue defined as any material that does not boil below
1000 F.

The tar was separated into tar acids, tar bases and neutrals by
acid-base extraction. The fractions were regenerated by pH adjustment
and extraction with diethyl ether. Neutrals were also separated into
aliphatic and aromatic fractions with the use of silica gel. Hexane was
used to elute the aliphatics and methanol to remove the aromatics.

PHYSICAL PROPERTIES

Table I lists some of the physical properties of the sample to be
discussed in detail. These are properties of the whole sample, not just
the aromatic fraction.

Table I ~ Physical Properties

Specific gravity at 60° F - 0.977
Viscosity at 100" F - 13.16 centistokes
Heat of combustion - 17,256 Btu/1lb

Similar values have been measured for other samples collected
during other tests. Their mobility (low viscosity) would make them
easily handled in a surface facility and their heating value would
qualify them as a possible fuel.

CHEMICAL PROPERTIES

The elemental analysis (Table II) is typical of the tars produced
from the Hanna tests.
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Table II - Elemental Analysis

- 86.33%
-~ 10.43
0.79
- 0.18
-~ 2,27

oOm=ZT O
I

aPercentage determined by difference

The maximum values for nitrogen and sulfur that have been observed
are 1 percent and 0.5 percent respectively.

Another technique used for analysis is simulated distillations. An
interesting point is demonstrated by this technique, this being that
none of the coal tar boils above 950° F. When compared with a coal tar
produced by laboratory carbonization, the obvious difference is in the
boiling point distribution. With the use of an internal standard, it
was determined that the carbonized laboratory sample was 24 percent (by
weight) residue versus 0 percent for the UCG sample (Table III).

Table III - Boiling Range Distribution

Amba 400~ 500- 600- 700- 800- 900-
Sample 400°F 500 600 700 800 900 1000 Residue
Carbonized 0 11.3 16.3 13.1 15.2 12.4 7.5 24,2
UCG sample 6.2 16.9 25.6 28.2 16.0 5.3 1.8 0

This illustrates an important point about the UCG coal tar. It is
a fractionated portion of the total coal tar produced underground in the
seam. The passage through the production path, including the linkage
path and well casing, acts as a preliminary separation step. The fate
of the heavier components is questionable but there is certainly some
cracking and perhaps eventual combustion of the remaining components.

These more volatile components that reach the surface provide a
rather unique product for characterization when compared to "standard"
coal tars produced in surface units.

The separation of numerous samples into tar bases, tar acids (strong
and weak acids) and neutrals (aromatic and aliphatic) gave the following
range of values (Table IV).

Table IV - Compositions wt % of Tar

Tar bases 2.5-8.0%

Tar acids .1-1% - Strong acids
12-31% - Weak acids

Neutrals 55-77% - 70%Z Aromatic
307 Aliphatic
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An interesting point was that after looking at many samples the
relative amount of aliphatics versus aromatics was essentially constant
(30:70). Previous investigations (3) of the tar bases indicate the
composition to be primarily quinolines with some pyridines and anilines.
The tar acids have been described (4) as alkylated phenols. The aliphatics
(4) are mostly saturated with a Cg to C3; normal series and a predominate
Cyg9 branched series.

AROMATICS

The aromatic fraction did not show any unusual components but did
lack any alkylated benzenes, which were expected. The reason for this
is believed to be the volatile nature of the methyl and polymethyl
substituted alkylbenzenes and the technique that was used to collect the
coal tar sample from the production stream. The collection procedure
discriminated against the volatile components. The predominate type of
alkylation found in the remaining aromatics was methylation. Table V
lists the various compound types, or in some cases isomers, that were
determined by GC-MS analysis.

Table V - Components of the Aromatics
Naphthalene
2 - Methyl Naphthalene
1 - Methyl Naphthalene
3 different Dimethyl Naphthalenes
Acenaphthalene or Biphenyl
Al, 2, 3, 4 - Tetrahydronaphthalene w/ CyHg substitutent
A Dipropyl Thiophene
4 different Trimethyl Naphthalenes
A Dimethyl - Ethyl Naphthalene
A Penta - Methyl Naphthalene
Anthracene and/or Phenanthrene
A Methyl Anthracene and/or Phenanthrene
An Ethyl Anthracene and/or Phenanthrene

The results presented in Table V show there is no evidence of PNA
components and the majority of the alkylation is methyl.

COMPARISON OF AROMATIC FRACTIONS

As has been reported in a previous paper (4), the similarity of the
separate fractions is remarkable. The same is true of the aromatic
fractions. The three aromatic fractions that will be discussed are from
three different tests. The first from December 10, 1973, during the
Hanna I test, the second from June 25, 1975, during the Hanna II, Phase
I test and the third from May 21, 1976, during the Hanna II, Phase II
test.

Without doing a complete GC~MS analysis of all these samples and
considering only the GC trace the striking similarity is obvious. The

116




assumption at present is that the aromatic fractions are similar in
composition both qualitatively and quantitatively. This indicates a
very constant liquid by-product from UCG.

CONCLUSIONS

Analysis of an aromatic fraction from a coal tar produced from
an underground coal gasification test shows mostly methylated naphthalenes,
anthracenes and phenanthrenes. The similarity between various aromatic
fractions and the corresponding similarity of acid, base and aliphatic
fractions suggests that the liquid product is very constant in composition
with respect to time. This would in turn indicate that the LVW process
approaches steady state conditions. The constancy of such a product
would certainly be compatible and desirable with any facility that might
utilize such a liquid for either a feedstock or as a fuel.

The lack of evidence for any PNA's in the aromatic fraction is
certainly encouraging from an environmental standpoint and would probably
be expected when considering the way in which the coal tar is produced.

As a by-product, the coal tar appears to be a desirable product
which only enhances the outlook for underground coal gasification becoming
a commercial process.
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